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Prenatal psychosocial stress is a common experience during low-risk pregnancies with 
the potential to affect offspring birth outcomes such as birth weight and gestational age at birth, 
both of which have significant implications for subsequent child health and development. 
Multiple underlying mechanisms may account for this association, including behavioral and/or 
physiological processes, but research directly examining physiological mechanisms among the 
low-risk pregnant populations is scarce. Growing evidence suggests that prenatal psychosocial 
stress is related to physiological stress responses in both neuroendocrine and immune systems. 
However, measurement inconsistencies in prenatal psychosocial stress make interpretation of 
these findings difficult. The literature linking various physiological stress responses to birth 
outcomes has painted a somewhat mixed picture, awaiting validation from more studies.  
Using a racially diverse community sample of pregnant women, this study addressed the 
aforementioned issues in the literature, explored whether a latent variable of prenatal stress 
existed based on several common prenatal psychosocial stress measures, and investigated 
whether inflammatory biomarkers and hair cortisol concentration were mediators of the 
association between latent prenatal psychosocial stress and birth outcomes. Additionally, fetal 
sex, maternal race, and trimester of prenatal data collection were examined as potential 
moderators of these associations. Findings suggest that a latent prenatal stress variable did not 
 iv 
exist based on the chosen stress measures. In the absence of a latent variable of prenatal stress, 
the observed measure of financial stress was used in subsequent analyses and was found to be 
associated with hair cortisol concentration and inflammatory biomarker, CRP. None of the 
proposed mediation or moderation effects were observed. However, there is some evidence that 
the anti-inflammatory cytokine IL-10 may be involved in the association between prenatal 
psychosocial stress and birth weight in a low-risk pregnant population. The current findings 
suggest that prenatal stress, in the form of financial stress has the potential to “get under the 
skin” and negatively affect maternal health in both neuroendocrine and immune systems during 
pregnancy, although much remains to be learned regarding the underlying physiological 
mechanisms by which prenatal stress influences birth outcomes. 
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CHAPTER 1: INTRODUCTION 
1.1 Statement of Purpose 
Maternal prenatal exposure to psychosocial stress was evidenced to lead to poor birth 
outcomes and subsequent health and developmental issues in offspring, such as autism (see 
review Kinney, Munir, Crowley, & Miller, 2008), emotional or behavioral problems, and 
impaired cognitive abilities (e.g., Beydoun & Saftlas, 2008; Dunkel-Schetter, 2011; Glover et al., 
2010, O’Donnell, O’Connor, & Glover, 2009; Torche, 2011). Considering the prevalence of 
prenatal psychosocial stress for all women, particularly, women of color, and the significant and 
long-lasting influence prenatal psychosocial stress has on child well-being and subsequent 
development, it is imperative for researchers to better understand the mechanisms via which 
maternal prenatal stress influence child development. 
Birth outcomes are often viewed as an index of neonatal development during pregnancy 
as well as predictors of later child health and developmental outcomes (Dong & Yu, 2011). Birth 
complications, such as premature delivery, prolonged labor, and low birth weight are quite 
prevalent and can affect up to half of the pregnancies in healthy adult women, prompting 
researchers to investigate potential predictors of these issues (Carmichael & Shaw, 2000; Orr et 
al., 1996; Peacock, Bland, & Anderson, 1995). Clinically-defined adverse birth outcomes, such 
as low birth weight (infants who weigh less than 2,500 grams at birth), preterm birth (PTB; 
infants born before reaching 37 weeks of gestation), and intrauterine growth restriction/small for 
gestational age (IUGR; infants born weighing less than 90 percent of other babies at the same 
gestational age), have all been associated with compromised developmental outcomes. 
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Specifically, low birth weight (LBW) is associated with a series of later developmental and 
health outcomes, such as higher susceptibility to coronary problems decades later (Glover, 1997), 
higher prevalence of childhood ADHD, schizophrenia, depression, anxiety, and obesity (Baum, 
Revenson, & Singer, 2016; Betts, Williams, Najman, & Alati, 2014; Boulet, Schieve, & Boyle, 
2011; Costello, Worthman, Erkanli, & Angold, 2007; Khashan et al., 2008; Pettersson et al., 
2015; Rogers, & Piecuch, 2009), and in more severe cases, infant mortality and childhood 
handicap (Paneth, 1995). Preterm birth (PTB) predicts a wide spectrum of clinical disabilities 
and impairment, such as cerebral palsy, developmental coordination disorder, neurosensorial 
impairment, cognitive impairment, learning disabilities, and psychiatric disorders (e.g., ADHD, 
conduct problems, and emotional symptoms) (Arpino et al., 2010). Finally, intrauterine growth 
restriction (IUGR) is also associated with significant neurodevelopmental impairment in 
cognitive function and school performance (Tolsa et al., 2004). As such, a better understanding 
of the etiologies of birth complications has important implications for preventing multiple health 
and developmental issues. 
Although birth outcomes are unlikely the sole cause of subsequent development 
outcomes, they reflect fetal adaptation to environmental exposures that shape the structure and 
function of physiological systems underlying later health and developmental risks (Gluckman & 
Hanson, 2004; Morley, Blair, Dwyer, & Owens, 2002). Thus, they could serve as potential 
mediators linking prenatal stress to subsequent developmental outcomes. Measures of birth 
outcomes are obtained immediately after birth and are easier to collect and quantify compared 
with cognitive or psychological measures that usually can only be used later developmentally. As 
such, birth outcomes can be a rather ideal target to (1) examine as an intermediate subject that 
links the impact of maternal prenatal stress to later child development, (2) use as a risk index by 
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clinicians and social workers to provide necessary services and programs to prevent or 
ameliorate children from developing subsequent issues. 
However, there are issues potentially limiting the external and internal validity of past 
studies, including studies that focus exclusively on clinical-defined adverse birth outcomes and 
studies that rely entirely on retrospective designs. We know little about the association between 
prenatal stress and birth outcomes within populations with clinically normal ranges of birth 
outcomes, which might also have implications on later developmental outcomes. Meanwhile, 
many studies focused on the population of mothers who developed serious complications such as 
preeclampsia (e.g., Moafi, Dolatian, Keshavarz, 2013) and gestational diabetes (e.g., Schneider 
et al., 2011) or women who had severe psychological issues including major depression, anxiety 
disorders (e.g., Uguz et al., 2013), or post-traumatic stress disorder (e.g., Li, Rosemberg, & Seng, 
2018). However, stress exposure is fairly common during normal, low-risk pregnancies (Woods 
et al., 2009), and our understanding of how prenatal stress might impact birth outcomes during 
these pregnancies is quite limited. The issue with retrospective designs is that measurement of 
stress is more likely to be unreliable since it is measured retrospectively. Therefore, it is 
imperative to expand the scope of research and examine how stress commonly experienced 
during pregnancy might impact infant birth outcomes among low-risk pregnancies using 
prospective designs. 
Multiple mechanisms (Beijers, Buitelaar, & de Weerth, 2014) may account for how 
prenatal stress negatively influences fetal development and birth outcomes, primarily via 
behavioral and/or physiological pathways. Ultimately, the conduit linking maternal experience to 
the developing fetus is through the maternal-fetal interface (e.g., Beijers et al., 2014; Saito, 2000), 
which consists of decidual stromal cells, decidual immune cells, and trophoblast cells (Le 
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Boutellier, & Bensussan, 2017; Schumacher, Sharkey, Robertson, & Zenclussen, 2018). This 
interface is crucial in mediating O2, CO2, and nutrients (Faas & de Vos, 2017) from maternal 
physiological system to fetal physiological system, exerting immunological protection; and 
secreting different hormones, enzymes, and cytokines, to facilitate a successful pregnancy (Hsu 
et al., 2012). It is established that the relationships between maternal stress and birth outcomes 
generally remain after accounting for traditional behavioral risk factors, supporting the existence 
of a direct physiological mechanism (Christian, 2015). However, due to the complexity of 
pregnancy physiology, there is still much to be learned about how prenatal stress affects birth 
outcomes directly via physiological mechanisms.  
In terms of potential physiological mechanisms, researchers (Duthie & Reynolds, 2013) 
have proposed that prenatal stress might affect birth outcomes via altering neuroendocrine 
system functions, specifically, changing the responses in the maternal and fetal HPA axis 
systems. Studies have found that stress-related changes in maternal and fetal HPA axis activity 
were related to lower birth weight, shorter gestational age at birth, and higher probability of 
preterm labor and delivery (e.g., Diego, Jones, & Field, 2006; Pearce et al., 2010; Wadhwa, 
Entringer, Buss, & Lu, 2011). However, most studies have only captured HPA axis function in a 
momentary manner by collecting biomarkers that reflect one’s neuroendocrine function of a 
specific moment or of a short period of time, such as within a day. Physiological measures of 
HPA axis functions, such as hair cortisol concentration (HCC) that reflects the “wear and tear” 
effects of chronic prenatal stress, have rarely been used in prior studies. This study aims to 
advance research on this topic by using an innovative physiological measure of HPA axis 
function to capture the effect of chronic prenatal stress. 
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Moreover, stress not only can affect maternal neuroendocrine system functions, but also 
can alter maternal immune system functions (Coussons-Read, Okun, & Simms, 2003). There is a 
substantial body of literature demonstrating how stress could lead to changes in maternal 
immune functions in non-pregnant animal and human populations (e.g., Agarwal & Marshall, 
1998; Oskvig, Elkahloun, Johnson, Phillips, & Herkenham, 2012; Sergerstorm & Miller, 2004; 
Theoharides & Konstantinidou, 2007). Research on how stress might impact human immune 
function during pregnancy and subsequently impact birth outcomes is still scarce. Studies 
directly examining the causal effect of maternal prenatal stress on birth outcomes via alterations 
in the immune system could significantly contribute to our understanding of the etiologies of 
various birth complications. 
In addition, maternal neuroendocrine system and immune system not only might 
individually pass on the impact of maternal stress to the fetus but they are known to also affect 
each other and potentially impact the fetus in a dynamic way (Elenkov & Chrousos, 2020; Rabin 
et al., 1989; Zeller et al., 1996). In fact, normal pregnancies rely heavily on the delicate balance 
of the interactions between these two systems. Under excessive stress exposure, more likely to be 
seen among high-risk populations, such a balance might be compromised and lead to a series of 
maternal and fetal health issues. Therefore, maternal prenatal stress might influence infant birth 
outcomes via either HPA axis function alteration alone, immune function alterations solely, or 
via both systems in a dynamic way. However, in order to adequately examine the dynamic 
effects of both maternal neuroendocrine and immune systems, multiple waves of biomarkers 
reflecting the function of these systems across pregnancy need to be collected and a cross-lagged 
mediation panel model may be best suited to analyze this question. Due to restrictions imposed 
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by the original study design, I was unable to adequately examine the interactive effects of both 
physiological systems, thus it is beyond the scope of this study. 
Moreover, several studies (e.g, King, Dancause, Turcotte-Tremblay, Veru, & Laplante, 
2012) have pointed out that fetal sex may play a role in the associations between maternal 
prenatal stress and child outcomes due to potentially sex-specific physiological pathways 
(Bronson & Bale, 2014). In addition to fetal sex, maternal race could be another important factor 
moderating the effects of prenatal stress. Although the physiological mechanisms underlying the 
impact of maternal psychosocial stress on birth outcomes may not differ between mothers of 
different races, the strengths of the underlying pathways might differ among pregnant women of 
different races due to quantitative and qualitative differences in stress experiences. Certain 
physiological mechanisms might be statistically easier to be detected among African American 
population due to their higher likelihood of experiencing chronic stress and systemic 
inflammation. Thus, both fetal sex and maternal race were proposed to be explored as potential 
moderators of the physiological pathways linking maternal prenatal stress with birth outcomes in 
this study. 
In summary, although there is a growing amount of evidence demonstrating that 
psychosocial stress during pregnancy can significantly impact offspring birth outcomes, there is 
no clear consensus on what, how, and for whom such effects occur. More importantly, few 
studies have examined multiple physiological systems simultaneously (e.g., Nazzari, 2019) 
considering the direct effects of each physiological system on birth outcomes and among a low-
risk population. This gap in the literature limits our understanding of how maternal prenatal 
stress predicts birth outcomes and constrains our efforts in designing better intervention 
programs with precise targets. Whereas taking a multi-systems approach could enable us to 
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compare specific physiological mechanisms across mechanisms. As such, this study aimed to 
investigate the following items 1). Evaluate the relationship between maternal prenatal 
psychosocial stress, specifically chronic psychosocial stress, and birth outcomes, specifically 
gestational age at birth and birth weight among a racially diverse community pregnant sample. 2). 
Evaluate whether maternal neuroendocrine system and immune system mediate the relationships 
between maternal prenatal psychosocial stress and birth outcomes. 3). Explore whether child sex 
and maternal race moderate the above associations.  
1.2 Glossary of Key Terms 
Below I will briefly define the key terms discussed in this study. 
Prenatal stress: The prenatal psychosocial stress focused on in this paper is chronic 
psychosocial stress measured by maternal reports. By chronic stress, it means the opposite of 
acute stress, which typically occurs suddenly and lasts for a shorter period of time. Although the 
affected individuals usually do not know when the stressors will subside, they have a clear sense 
that at some point in the future they will (Segerstrom & Miller, 2004). The chronic psychosocial 
stress of interest here is women’s perception of stress levels experienced in their day-to-day life 
during pregnancy stemming from economic concerns, pregnancy-related concerns, and/or 
general life concerns. These sources of stress tend to be relatively stable and the affected 
individuals usually do not know whether or when the challenges will end or can be certain that 
they will ever end. In the following sections, this construct was referred to as prenatal stress 
consistently. 
Birth outcomes: In the current study these variables include both gestational age at birth 
and birth weight. Birth weight presents infant weight in grams measured at birth. Gestational age 
at birth refers to the number of gestational weeks of development at the time of birth. 
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Neuroendocrine system: This physiological system is a complex regulatory mechanism 
that includes the hypothalamus, the pituitary and its connections to the brain, and 
extrahypothalamic regions (Encyclopedia of Neuroscience, 2009). Specifically, the 
hypothalamic-pituitary-adrenal (HPA) axis is the neuroendocrine system focused on in this study. 
Cortisol: This is a steroid hormone that regulates a wide range of vital processes 
throughout the body, including metabolism and the immune system. It is the end product of the 
Hypothalamus-pituitary-adrenal (HPA) axis to help the body respond to stress, thus also called 
the “stress hormone”. In this study, cortisol measured in hair samples, which reflects the average 
cortisol concentration over three months period was used to represent physiological stress over a 
longer period of time. 
Immune system: This physiological system comprises cells, proteins, organs, and tissues 
that work together to provide protection against bodily disease and damage (Morey, Boggero, 
Scott, & Segerstrom, 2015). The immune system can be viewed as consists of innate and 
adaptive immunity. A major difference between innate and adaptive immunity is that immune 
response from adaptive immunity is antigen-specific. Cells involved in both systems could 
secrete cytokines. T lymphocytes from adaptive immunity are a major source of cytokine 
production. 
Cytokines: This is a broad and loose category of small proteins important in cell 
signaling. Cytokines were used as biomarkers to reflect immune system functions in this study.  
Pro-inflammatory cytokines: These cytokines are involved in the up-regulation of 
inflammatory reactions. These cytokines are produced predominantly by activated macrophages 
and T-helper lymphocytes. IL-1, IL-6, TNF- are some common pro-inflammatory cytokines. 
IL-6 was chosen as one of the two pro-inflammatory biomarkers studied in this study. 
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Anti-inflammatory cytokines: These cytokines function to repress the production and 
expression of pro-inflammatory cytokines. IL-1RA, IL-4, IL-10, IL-13 are some of the major 
anti-inflammatory cytokines. IL-10 is one of the most potent anti-inflammatory cytokines and 
was chosen as the anti-inflammatory biomarker studied in this study.  
C-Reactive Protein (CRP): This is an acute phase reactant and the most sensitive 
marker of systemic inflammatory activity in the body (Kluft & Maat, 2002). CRP is a protein 
made by the liver. The levels of CRP in the blood increase when there is a condition causing 
inflammation somewhere in the body. It is one of the two pro-inflammatory biomarkers chosen 
to be examined in this study. 
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CHAPTER 2: THEORETICAL AND EMPIRICAL LITERATURE REVIEW 
2.1 Theoretical Frameworks and Scientific Approaches 
This study is grounded in several theoretical frameworks and scientific approaches, 
including the Developmental Origin of Health and Diseases (DOHaD) hypothesis (Gluckman & 
Hanson, 2004; Hanson, Godfrey, Lillycrop, Burdge & Gluckman, 2011), the transactional theory 
of stress and coping by Lazarus and Folkman (1984), the psychoneuroimmunological (PNI) 
framework (Solomon & Moos, 1964; Rabin et al., 1989), and a biopsychosocial approach to 
development.  
Development is a plastic process by which a range of different phenotypes can be 
expressed from a given genotype based on a specific context (Entringer et al., 2012). The internal 
and external environmental influences during critical and sensitive developmental periods shape 
cellular proliferation, differentiation, and maturation, resulting in structural and functional 
changes in cells, tissues, and organ systems. These biological changes, either independently or 
through interactions with subsequent developmental processes, have short- and/or long-term 
consequences for health and disease susceptibility. The above notion, which emphasizes “fetal 
plasticity” and intrauterine exposure to an altered environment as a source of subsequent 
development and susceptibility to disease, has been referred to as the developmental origins of 
health and disease (DOHaD) hypothesis (Gluckmand & Hanson, 2004; Hanson, Godfrey, 
Lillycrop, Burdge & Gluckman, 2011).  
Entringer and colleagues (2012) further expanded the primarily nutrition-focused 
DOHaD hypothesis to consider the role intrauterine stress and stress physiology play in shaping 
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fetal programming effects. In addition to nutritional insults, maternal stress exposure might be 
another source of environmental insult, and stress physiology might represent the underlying 
mechanism mediating the effects of these environmental insults on the programming of body 
composition, energy balance homeostasis, and metabolic function. The developing fetus acquires 
and incorporates information about the nature of the outside environment partly via the nature of 
the intrauterine environment, which is under the impact of endogenous and exogenous stress. In 
turn, fetal outcomes such as low birth weight or small size at birth are associated with increased 
propensities for adverse adult health outcomes such as diabetes, hypertension, and cardiovascular 
diseases, which are manifestations of long-term fetal programming effects. Therefore, it is 
imperative to better understand the physiological mechanisms underlying the fetal programming 
effects of maternal prenatal stress on offspring birth outcomes. 
Meanwhile, psychological stress is a complex phenomenon and various theoretical 
models have been proposed to define and study stress. These theoretical explanations can be 
categorized based on their primary conceptualization of the experience of stress: 1) stress as an 
external stimulus, such as experiencing job loss; 2) stress as a response, such as acting 
aggressively or feeling depressed; 3) stress as an individual/environmental transaction (Brough, 
O’Driscoll, Kalliath, Cooper, & Poelmans, 2009). The transactional explanations of stress 
emphasize the bidirectional, relational and dynamic nature of the transactions between an 
individual and their environment, which produce stress, as well as the cognitive-
phenomenological process that enables an individual to attribute meaning to their environment 
(Lazarus, 1966; Lazarus & Folkman, 1984). 
According to Lazarus and Folkman’s transactional theory of stress and coping (Lazarus 
& Folkman, 1984), stress is defined as exposure to stimuli that are appraised as harmful, 
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threatening, or challenging, which exceeds the individual’s capacity to cope. Appraisal is crucial 
in their definition of stress as they want to emphasize it is the perception that an event is stressful, 
rather than the event itself, that determines whether coping strategies are initiated and whether 
the stressor is ultimately resolved (Lazarus, 1991; 1999). Such an appraisal-based definition of 
stress is going to be used in this study instead of objective stress exposure or emotional responses 
to stressors. 
In addition, this study adopted a multi-system biopsychosocial approach, specifically 
building upon the psychoneuroimmunological (PNI) framework to investigate both 
neuroendocrine and immune systems via which prenatal stress might predict birth outcomes. The 
PNI framework increasingly has been adopted in human stress research (see review in Straub & 
Cutolo, 2017) and focuses on the interactions among behavioral, neuroendocrine, and immune 
processes (Ader, 2000). Growing empirical research suggests that the nervous and immune 
systems are components of an integrated system of adaptive processes, both involved in the 
physiological responses to environmental stress and the etiology of pathophysiological states. 
Only examining one of these two systems is unlikely to uncover the most accurate underlying 
mechanism via which prenatal stress impacts birth outcomes.  
Thus, informed by these theoretical frameworks and scientific approached, the present 
study set out to investigate the physiological mechanisms underlying the fetal programming 
effects of prenatal stress on birth outcomes by simultaneously examining both systems.  In the 
following section, I review the literature on these topics that substantiate my proposed 
hypotheses.  
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2.2 Prenatal Stress and Birth Outcomes 
2.2.1 Birth Outcomes 
It is important to understand the etiologies of birth outcomes as they are often viewed as 
an index of neonatal development during pregnancy as well as a predictor of later child health 
and developmental outcomes (Dong & Yu, 2011). Birth outcomes reflect intrauterine fetal 
adaptation to environmental exposures which lay the foundation and shape the structure and 
function of physiological systems underlying later health and developmental risks (Gluckman & 
Hanson, 2004; Morley et al., 2002). Thus, birth outcomes could function as mediators linking 
prenatal stress to subsequent developmental outcomes. 
The three birth outcomes most widely studied include birth weight, gestational age at 
birth, and gestational development/fetal growth. However, due to the significant and long-lasting 
negative effects of adverse birth outcomes to infant survival and development, clinically-defined 
birth outcomes including low birth weight (LBW; infants who weigh less than 2,500 grams at 
birth), preterm birth (PTB; infants born before reaching 37 weeks of gestational age at birth), and 
intrauterine growth restriction (IUGR)/small for gestational age (babies born weighing less than 
90 percent of other babies at the same gestational age) have received the most attention from 
both clinical and developmental researchers. Very few studies (e.g., Lobel et al., 1992; Zambrana 
et al., 1999) have examined how prenatal stress might be related to birth outcomes within the 
normal range of outcomes, which limits our understanding of how prenatal stress impacts 
subsequent child development in low-risk, typical pregnancies. The current study focused on two 
major dimensions of birth outcomes, gestational age at birth and birth weight. When birth 
outcomes are mentioned in the paragraphs below, it refers to these two indices only. 
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2.2.2 Prenatal Stress 
In the prenatal stress literature, one major challenge is the definition and measurement of 
stress due to different conceptions of the construct (Lazarus, 1991; Lupien et al., 2009) and 
varying focuses of the studies. Prenatal psychosocial stress has been defined and measured in a 
variety of ways covering a wide range of conceptually different constructs (see review Bussières 
et al., 2015). Five commonly used measures include (1) trait stress, which is perceived as a stable 
characteristic of the individual, such as general anxiety (Bergman, Sarkar. O’Connor, Modi, & 
Glover, 2007); (2) state stress, which is viewed as a general, normal response to daily events that 
require adaptation, measured relative to a circumscribed period of time, i.e., in the last week, in 
the last month (Berle et al., 2005; Engle, Scrimshaw, Zambrana, & Dunkel-Schetter, 1990); (3) 
pregnancy-related stress, which is related to concerns surrounding the management and 
significance of physical symptoms and changes, changes in relationships, labor and delivery, 
parenting and the fear of medical complications related to pregnancy and childbirth (Alderdice et 
al., 2012; Lobel et al., 2008); (4) stressful life events exposure, which includes loss of a loved 
one, a serious accident, job loss, etc. (Glynn, Dunkel-Schetter, Hobel, & Sandman, 2008); and (5) 
traumatic life events and catastrophic environmental/societal events exposure during pregnancy 
(Tan et al., 2009; Dancause et al., 2011; Xiong et al., 2008). Such events that have been studied 
include natural disasters such as earthquakes, severe ice storms, hurricanes; as well as human-
inflicted disasters such as armed conflict (Maric, Dunjic, Stojiljkovic, Britvic, & Jasovic-Gasic, 
2010) and terrorist attacks (Engel, Berkowitz, Wolff, & Yehuda, 2005). Research conducted 
among populations with depression, anxiety disorders, and post-traumatic stress disorders is 
beyond the scope of this study as the effects as well as underlying mechanisms via which 
maternal depression affects fetal birth outcomes is likely to differ from prenatal stress (Beijiers et 
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al., 2014; Dunkel-Schetter & Tanner, 2012). As such, stress related to specific forms of 
psychopathology will not be included in further review or analyses. 
2.2.3 Prenatal Stress Predicting Birth Outcomes 
Findings linking prenatal stress to birth outcomes have been mixed. Several studies failed 
to find proposed associations between prenatal stress and birth outcomes (e.g., acute pregnancy-
related stress: Baibazarova et al., 2012; Ghaemmaghami, Dainese, La Marca, Zimmermann, & 
Ehlert, 2013; e.g., pregnancy-related stress and general stress: Bolten et al., 2011).  However, in 
a recent comprehensive meta-analysis containing 88 prospective studies, Bussières and 
colleagues (2015) concluded that there is a significant but low-level inverse relation between 
prenatal stress and infant birth weight.  
Further, Bussières and colleagues (2015) reported that the effect sizes of different types 
of prenatal stress vary. Pregnancy-related stress (d = −.25; 95% CI: [−.32, −.18]; k1 = 22), state 
stress (d = −.14; 95% CI: [−.25, −.03]; k = 82), and trait stress (d = −.13; 95% CI: [−.22, −.03]; k 
= 22) were found to have the top three largest effect sizes, with pregnancy-related stress having 
the greatest effect size among all measures. State stress and trait stress have similar levels of 
effect sizes, both greater than the effect sizes of exposure to natural disasters (d = −.11; 95% CI: 
[−.21, −.02]; k = 24) and of stressful life event exposure (d = −.03; 95% CI: [−.05, −.01]; k = 55). 
This is consistent with the assumption that subjective perceptions of stress might be a more 
significant predictor of birth outcomes than objective stress exposure. It also highlights the need 
to be clear and specific on the definition and measurement of stress in this line of research to 
avoid confusion and capture the most significant effects. 
 
1 K refers to the number of articles included. 
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However, in addition to categorizing prenatal stress in the above manner, it can also be 
categorized based on the length of the stress exposure, which could be differentiated into 
acute/episodic vs chronic stress. Acute stress refers to stress exposure that occurs in the recent 
past, usually in recent days to months (Sergerstrom & Miller, 2004). And the events that caused 
the stress is usually in a point-in-time fashion, such as the death of a loved one or the loss of a 
job. Chronic stress, in contrast, refers to stress exposure that has been lasting for relatively a long 
period of time, usually at least (and possibly more than) several months.  
Of particular importance in the literature on acute stress is the timing of stress exposure. 
Some studies have pointed out the potentially critical role timing of stress exposure played in 
influencing birth outcomes. There is evidence that women become less responsive to stressors as 
pregnancy advances (Hobel, Goldstein, & Barrett., 2008), which suggests stress experienced 
earlier during pregnancy might have a bigger impact on birth outcomes. However, literature on 
this topic has been mixed. Several studies (Davis & Sandman, 2010; Ellman et al, 2008; Hobel & 
Culhane, 2003) point out that when acute stress was experienced during early pregnancy it was 
associated with adverse birth outcomes. For example, Glynn and colleagues (2001) found that 
among pregnant women who were exposed to the psychological stress due to the Northridge 
earthquake in California, only those who experienced it during their 1st trimesters were found to 
show a significant association between stress and a shorter gestational age at birth. In contrast, 
women who experienced the Ukrainian Chernobyl disaster during early pregnancy were not 
found to have increased risks of preterm labor (Levi et al., 1989).  
One possible explanation for such mixed findings goes back to how stress was measured. 
Hedegaard and colleagues (1996) found that only the occurrence of life events that were 
perceived as highly stressful was associated with shorter gestational age at birth, but not the 
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events themselves. Hence, the inconsistencies in these studies suggest that instead of the total 
number of stressful life events, how stressful, negative, or aversive pregnant women perceived 
these events and when such perception of stress existed during the pregnancy might be more 
important in influencing birth outcomes, consistent with Lazarus’s definition of stress as a 
transaction between the stressful event and the individual. This highlights the importance of 
including subjective measures of prenatal stress in addition to the timing of acute stress exposure 
to best capture the relationship between acute prenatal stress and birth outcomes. 
If stress is categorized as chronic vs acute, it is also helpful in differentiating long-term 
stress exposure that could have led to the “wear and tear” of an individual’s physiological 
functions from acute stress which tends to trigger only temporary physiological adjustment. 
There is a small amount of literature (e.g., Wallace & Harville, 2013) investigating the effects of 
allostatic load, indicated by a combination of biomarkers, on birth outcomes. However, studies 
examining the association between chronic perceived stress and birth outcomes via the effects of 
physiological manifestations of the allostatic load are scarce.  
Various types of prenatal stress have been found to be associated with both gestational 
age at birth and birth weight. Among the studies on gestational age at birth, pregnancy-related 
stress has consistently been found to predict the timing of birth and increase the risk of preterm 
birth (PTB) (Dunkel-Schetter, 2011). Several large, well-controlled, prospective studies (Catov 
et al., 2010; Dole et al., 2003; Kramer et al., 2009; Orr et al., 2007) have provided evidence that 
pregnancy-related stress is a significant predictor of gestational age at birth. Roesch, Schetter, 
Woo, and Hobel (2004) found that pregnant-specific stress significantly predicted gestational age 
at birth when modeled together with state anxiety and perceived stress controlling for medical 
risk and demographic risk factors. Additionally, as early as 18 weeks in pregnancy, such effects 
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can already be observed. These studies mostly measured pregnancy-related stress during mid-
pregnancy and conclusively suggested that pregnancy-related stress not only predicted the risk of 
PTB but also predicted gestational age at birth in a seemingly linear fashion (Rini, Dunkel-
Schetter, Wadha, Sandman, 1999; Dunkel-Schetter, 2011; Wadhwa, Sandman, Porto, Dunkel-
Schetter, & Garite, 1993). In addition, such effects were found to apply to diverse ethnic groups, 
including both African American and white women and offspring. 
Dunkel-Schetter and Glynn (2010) reported in their systematic review that when prenatal 
stress is defined as economic strain or general strain, all the studies they reviewed were 
significant predictors of PTB. However, none of the four studies on daily hassles yielded 
significant results. In a few studies, where a latent prenatal stress variable was adopted derived 
from perceived stress, trait stress, and life events measures, significant associations have been 
reported (e.g., Lobel et al., 1992; Nkansah-Amandkra, Luchok, Hussey, Watkins, & Liu, 2009; 
Zambrana et al., 1999). Therefore, although various types of stress appear to contribute 
independently to gestational age at birth, a latent stress measure reflecting multiple major forms 
or sources of the underlying distress might be a better operationalization for predicting 
gestational age at birth. 
In the literature on birth weight, chronic stress due to economic strain (Pritchard & Teo, 
1994), homelessness (Stein et al., 2000) incarceration (Hollander, 2005), neighborhood crowding, 
and perceived racism and discrimination (Rich-Edwards & Grizzard, 2005) has been reported to 
be a significant predictor of delayed fetal growth and risk of low birth weight. For instance, in 
one study, chronic stress was found to predict 2 to 3.8 times the risk of LBW among low-income 
pregnant women (Borders et al., 2007) without controlling for gestational age at birth. However, 
it is important to point out that gestational age is a known significant predictor of birth weight 
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(Lobel et al., 1992). It has been estimated that two-thirds of infants who were born with LBW 
were also born prematurely (Dunkel-Schetter, 2011). Therefore, it is important to conceptually 
differentiate lower birth weight caused by delayed fetal growth from lower birth weight due to 
PTB. In other words, infants born with suboptimal birth weight might not all manifest fetal 
growth delay but simply were born too early. Studies focusing on only birth weight often fail to 
address the effects of gestational age at birth in their analysis or discussion. A good way to avoid 
such an issue is to model gestational age and birth weight simultaneously to reflect both the 
indirect effects prenatal stress has on birth weight via gestational age at birth and the direct 
effects. 
2.2.4 Limitations in the Literature 
Although the past decades of research have clearly demonstrated that prenatal stress 
predicts infant birth outcomes, there are several major issues in the literature that demands to be 
addressed. First, as discussed previously, various types of stress measures have been adopted in 
the literature, however, grossly refer to all of them as prenatal stress could lead to confusion and 
inconsistency when interpreting the findings. Moreover, some of the stress measures are 
measuring subjective or perceived stress, such as state stress or pregnancy-related stress. In 
contrast, both traumatic life events and stressful life events measures only reflect objective stress 
exposure. The differences in how stress is measured might explain why these measures were 
found to have different effects on birth outcomes. Overall, the literature suggests that various 
types of perceived stress play a more significant role than objective stress exposures in predicting 
birth outcomes. 
Second, many studies fail to account for the effects of gestational age at birth when 
studying the etiologies of birth weight issues. Birth weight is often viewed as a proxy of 
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intrauterine growth, and LBW is often equated as delayed gestational development in the 
literature. However, this is only true if the cause of LBW is purely due to inadequate growth, 
technically referred to as fetal growth restriction (FGR; U.S. Department of Health and Human 
Services [USDHHS]. 1985) instead of PTB (Rini, Dunkel-Schetter, Wadhwa, & Sandman, 1999). 
Hence, to properly decipher the cause of birth weight issues due to delayed gestational 
development, gestational age at birth must be included in the same model.  
Moreover, the birth outcomes that have been most well studied are those that are 
clinically-defined adverse outcomes, such as LBW, or PTB. However, it is reasonable to assume 
that variations of birth outcomes within the normal range might also have significant 
implications for future development. For example, based on the definition of IUGR (birth weight 
less than the 10th percentile by GA. For full-term infants, this threshold is higher than 2,500g.), 
infants with IUGR typically reported higher birth weight than LBW infants. Barker (1995) found 
that the risk of developing late-onset adult diseases was not necessarily associated only with 
IUGR or LBW but could fall into the lower percentiles at term, such as the 10th-25th percentile, 
which is classified within the normal limit of weights (Hobel, Goldstein, & Barrett, 2008). Such 
findings highlight the importance to expand research on birth outcomes to the normal range of 
birth outcomes rather than just clinical-defined adverse ones. Not enough effort has been devoted 
to examining the associations between prenatal stress and birth outcomes among such 
populations, which is partly what makes this study more interesting and important. 
In sum, despite growing research on this topic, studies using conceptually sound and 
valid measures of chronic perceived stress to investigate the association between prenatal stress 
and birth outcomes among low-risk pregnant populations (excluding clinically defined adverse 
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birth outcomes) are still limited. In the next section, I review the literature on the major two 
types of physiological pathways relevant to gestational age at birth and birth weight. 
2.3 Prenatal Stress, Birth Outcomes, and Physiological Mechanisms 
2.3.1 Two Physiological Systems as Mediating Mechanisms 
The two types of widely studied physiological systems that likely mediate the effects of 
prenatal stress on birth outcomes include the neuroendocrine system and the immune system. 
The neuroendocrine system is a complex regulatory mechanism that includes the hypothalamus, 
the pituitary and its connections to the brain, and extrahypothalamic regions (Encyclopedia of 
Neuroscience, 2009) that form five hypothalamic-pituitary regulatory axes. The hypothalamic-
pituitary-adrenal (HPA) axis, among these five systems, is the one that provides a rapid 
psychophysiological response to support active coping with stress by regulating circulating 
levels of glucocorticoid hormones (Spiga & Lightman, 2020). Meanwhile, the immune system, 
broadly speaking, comprises cells, proteins, organs, and tissues that work together to provide 
protection against bodily disease and damage (Morey et al., 2015). Inflammatory responses 
describe the necessary short-term responses in which the immune system tries to eliminate 
pathogens and initiating healing. Psychological stress is known to affect immune function and 
potentially activate inflammatory response (Cohen & Herbert, 1996; Maydych, 2019; Morey, et 
al., 2015) via behavioral and/or biological pathways (elaborated in the next section). During 
pregnancy, inflammation plays a critical role in maintaining tissue homeostasis, whereas an 
exaggerated or insufficient inflammatory response could lead to disease and/or undesirable 
pregnancy outcomes (Romero, Espinoza, Gonçalves, Kusanovis, Friel, & Nien, 2006). Hence, 
apart from HPA axis responses, immune system responses are also implicated in the studies on 
prenatal stress and birth outcomes. 
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There are several different ways to understand different subsystems within the immune 
system. The immune system can be divided into innate and adaptive immunities when the speed 
of immune responses and involving immune cells are considered (Sergerstrom & Miller, 2004). 
Innate immunity is an immune response that is generated by cells and proteins that do not 
provide defense against any specific pathogen and occur in a relatively short time frame (usually 
minutes to hours). Cells involved in innate immunity include the granulocytes, which consist of 
neutrophil and macrophage; natural killer (NK) cells, and complement proteins such as C-
Reactive Protein (CRP). The generalized response mounted by these cells is inflammation, in 
which neutrophils and macrophages congregate at the site of injury or infection, eliminating 
invaders and damaged tissue. Meanwhile, adaptive immunity is carried out by cells that have 
specific target antigens and respond slower than innate immune responses, usually taking up to 
several days before a full defense response is mounted. Three types of lymphocytes are involved 
in the adaptive immune response, T-helper lymphocytes (CD4), T-cytotoxic (CD8) lymphocytes, 
and B lymphocytes. Thus, acute stress is usually associated with responses in the innate 
immunity, whereas chronic stress which could lead to systemic inflammation is usually 
associated with alterations in the adaptive immune responses. 
It is helpful to understand the function of T-helper lymphocytes from adaptive immunity 
some more due to the interest in the effects of chronic prenatal stress in this study. The main 
function of T-helper (Th) lymphocytes (CD4) is to produce cytokines that direct and amplify the 
rest of the immune response. Cytokines are the chemical messengers that regulate 
immunological response and are responsible for most of the biological effects in the immune 
system (Berger,2000). T-helper cells could be viewed as a Th1/Th2 dichotomy (Mosmann et al., 
1986). Cytokines secreted by Th1 cells are called Th1-type cytokines, which promote pro-
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inflammatory responses. Major pro-inflammatory Th1 cytokines include IL-1, IL-2, IL-6, Il-8, 
IL-12, IFN-,  and TNF-α. Although not a cytokine, CRP also plays an important role in 
generating pro-inflammatory responses and is considered to be a major inflammatory marker. 
Empirically, IL-6 and CRP are two pro-inflammatory biomarkers that are commonly used to 
identify systemic inflammation risk (Sproston & Ashworth, 2018). Cytokines secreted by Th2 
cells are called Th2-type cytokines. Among them, Il-4, Il-10 are common anti-inflammatory 
cytokines that act to counter the effects of pro-inflammatory responses.  
Changes in pro- to anti-inflammatory cytokine ratios have important implications in an 
individual’s health and susceptibility to diseases. Pro and anti-inflammatory responses are 
mutually inhibitory (Wadhwa et al., 2001). Excessive pro-inflammatory responses can lead to 
uncontrolled tissue damage without the counteracting mechanism of the production of anti-
inflammatory cytokines (Berger, 2000). Thus, the optimal scenario is to have a balanced pro-and 
anti-inflammatory cytokine response, suited to the immune challenge (Berger, 2000). Pro-
inflammatory and anti-inflammatory cytokines as well as CRP (Sproston & Ashworth, 2018) 
secreted during systemic inflammation can be viewed as important indicators of an individual’s 
immune status. Chronic, systemic inflammation reflects dysregulation of the immune system and 
increases the risk for chronic diseases (Ershler, 1993). 
2.3.2 Stress’s Impact on Human Physiological Functioning During Non-Pregnant Times 
The next section describes how stress affects the neuroendocrine and immune systems 
among non-pregnant individuals. This is followed by (1) a description of how pregnancy is a 
unique physiological and immune state and (2) a discussion on how stress experienced during 
pregnancy can affect women’s HPA axis and immune system functioning. 
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As mentioned above, a major physiological stress response system for humans is the 
hypothalamic-pituitary-adrenal (HPA) axis (Chrousos & Gold, 1992; Gunnar & Quevedo, 2007), 
According to Blair and Raver (2016), in situations of acute stress the HPA axis reacts in the 
following way: the hypothalamus is stimulated to release corticotropin-releasing hormone (CRH), 
which then binds to CRH receptors on the anterior pituitary gland and promotes the release of 
adrenocorticotropic hormone (ACTH). ACTH then binds to receptors on the adrenal cortex and 
stimulates the release of the glucocorticoid cortisol. When the levels of cortisol in the blood pass 
a certain threshold, it inhibits further releasing of CRH and ACTH from the hypothalamus and 
pituitary glands, thus creating a negative feedback loop and maintaining systemic homeostasis. 
The functions of such physiological response are to mobilize the body to stay on high alert and 
better engage with the imminent challenges by releasing more stored energy and increasing heart 
rate and respiratory rate (Thau, Gandhi, & Sharma, 2020). 
However, in the case of chronic stress, research reports alterations in the HPA axis’s 
normal function and disrupted systemic homeostasis (Badanes, Watamura, & Hankin, 2011; 
Fries, Hesse, Hellhammer, & Hellhammer, 2005; Gunnar & Fisher, 2006). The principle of 
allostasis (McEwen, 1998, 2000) refers to the idea that resting levels of stress hormones adapt or 
adjust to experiences over time. When the experience of stress is chronic or repeated, it could 
result in the “wear and tear on the body”, referred to as allostatic load. Unlike physiological 
systems such as blood pressure or body temperature that must be maintained within a relatively 
narrow range of values, resting levels of stress hormones have a relatively broad range (Blair et 
al., 2011a). Under supportive conditions, resting levels are in a moderate range and responsive to 
stimulation, exhibiting flexible up and down-regulation in response to stress as needed (McEwen, 
1998, 2000). In cases where the allostatic load is extremely high, it has been reported that 
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individuals tend to exhibit patterns of hypocortisolism or HPA axis hypo-reactivity, manifested 
in the forms of lower-than-expected morning salivary cortisol awaking response, a flatter diurnal 
curve, or overall low diurnal cortisol level (Carlson & Earls, 1997), and blunted cortisol 
reactivity to stress. However, among low-risk populations where extreme cases are rare, the 
associations between chronic psychosocial stress and alterations to the HPA axis functioning are 
often characterized by HPA axis hypercortisolism or HPA axis over-activation (Blair et al., 
2011a), which often manifests as basal cortisol levels that are relatively high and therefore not 
flexibly regulated. Both HPA axis over or under activation are considered maladaptive and could 
lead to increased susceptibility to acquiring diseases (Thau et al., 2020). 
In terms of the association between stress and immune functions, studies from both 
animal (e.g., Schauenstein et al., 1987; Sternberg, 1989) and human research have shown that 
stress is linked to immunomodulation, which, in turn, could lead to elevations in circulating pro-
inflammatory cytokines (Segerstrom & Miller, 2004), and pro-inflammatory diseases, such as 
asthma (Marshall & Agarwal, 2000), rheumatoid arthritis (Cutolo, Sulli, Pizzorni, Craviotto, & 
Straub, 2003), cardiovascular diseases (Lagraauw, Kuiper, & Bot, 2015), and cancer (Le et al., 
2016).  
During acute stress (lasting a matter of minutes) that could cause physical damage, 
temporary physiological adjustment was triggered and certain chemicals from white blood cells 
are mobilized into the bloodstream to prepare the body for physical injury or infection, causing 
inflammation (Segerstrom & Miller, 2004). When acute stress is psychological, it could get 
“under the skin” and causing inflammation via behavioral and/or biological pathways (Morey et 
al., 2015). For example, psychological stress has been shown to impact one’s sleep hygiene, 
causing feelings of loneliness, developing negative social interactions, which have all been 
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linked to increases in pro-inflammatory responses (Besedovsky, Lange, & Born, 2012; Jaremka, 
Lindgren, & Kiecolt-Glaser, 2013; Uchino, Bowen, Carlisle, & Birmingham, 2012). Studies have 
shown even losing one night of sleep was significantly related to neutrophil count increases and 
decreases in neutrophil function in healthy men (Ruiz et al., 2012). In addition, immune cells 
have receptors for neurotransmitters and hormonal messengers such as cortisol, norepinephrine, 
and epinephrine, via which these chemical messengers could mobilize and traffic immune cells 
to prepare the body to mount an immune response if needed. As discussed before, cortisol is a 
major stress hormone, therefore, via the function of elevating cortisol and other chemical 
messengers, psychological stress could indirectly impact immune system responses. 
In response to acute stress, inflammatory biomarkers such as pro-inflammatory cytokines 
and CRP usually increase and are involved in the up-regulation of inflammation (Zhang & An, 
2007). In contrast, in response to chronic stress, elevated levels of inflammatory biomarkers have 
been observed to last for a longer period of time and potentially lead to different health 
consequences (Gouin, Glaser, Malarkey, Beversdorf, & Kiecolt-Glaser, 2012). As such, chronic 
stress is immunosuppressive and harmful to the body, whereas acute stress which people tend to 
experience in daily life can be protective and immunosupportive, as it prepares the organism to 
deal with challenges (Dhabhar, 2014). 
2.3.3 Physiological Changes During Pregnancy 
Pregnancy is an immunocompromised state full of changes in multiple physiological 
systems (Colbern & Main, 1991; Daunter, 1992). Normal pregnancy is suggested to be a balance 
of the immune and neuroendocrine systems that shifts through the course of pregnancy to 
maintain the well-being of both mother and fetus as well as support prenatal fetus development 
(Arck, 2001; Daunter, 1992). 
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The HPA axis undergoes some significant changes in a normal pregnancy where there are 
no major medical risks. As mentioned before, when an individual is under stress, the end-product 
of the HPA axis, cortisol, forms a negative feedback loop with the upper stream hypothalamus 
and pituitary glands, which enables systemic homeostasis of stress hormones in the body. 
However, in the case of pregnancy, the above negative feedback loop becomes complicated due 
to the involvement of the placenta (Hobel et al., 2008). The rising maternal cortisol levels 
stimulate instead of inhibiting placental CRH production. The placenta secretes a large amount 
of CRH into the maternal bloodstream during the 2nd and 3rd trimesters (Hillhouse 
Grammatopoulos, Milton, & Quartero, 1993; Petraglia et al., 1993;), which stimulates the 
maternal pituitary gland and adrenal gland resulting in increases in both ACTH and maternal 
cortisol levels. As a result, maternal cortisol levels and placental CRH form a positive feed-
forward loop in addition to the negative feedback loop within the maternal HPA axis system. The 
addition of this positive feed-forward loop during pregnancy partially contributes to rising levels 
of maternal cortisol, particularly during later pregnancy. In fact, circulating plasma cortisol 
levels during the 3rd trimester could rise to approximately three times the levels observed in non-
pregnant women (Jung et al., 2011). 
Meanwhile, to understand changes in immune function during pregnancy, it is important 
to take into consideration the specific stage of pregnancy. The fetus is viewed as a semi-
allogeneic (immunologically incompatible) organism by the maternal body. During the peri-
implantation period, “controlled” pro-inflammatory immunity becomes dominant, which 
prevents the rejection of fetal allograft (Wang, Sung, Gilman-Sachs, & Kwak-Kim, 2020) and 
enables placental implantation. Shortly afterward, the maternal body shifts from earlier pro-
inflammatory immunity to anti-inflammatory immunity, which reaches its peak in the 3rd 
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trimester. The lowest levels of pro-inflammatory cytokines, such as IL-2 and IFN-, and the 
highest levels of anti-inflammatory cytokines, such as IL-10 and IL-4, were found during the 3rd 
trimester in normal pregnancies (Marzi et al., 1995). The predominant anti-inflammatory 
immunity at the placental implantation site provides protection for the fetus from the attack of 
maternal pro-inflammatory cells and accommodates fetal and placental development (Wang et al., 
2020). Thus, during normal pregnancies, the maternal body shifts towards a more and more anti-
inflammatory status. A successful pregnancy has been associated with attenuated 
proinflammatory cytokine production under experimental conditions in response to immune 
challenges in both animal and human studies (e.g., Aguilar-Valles et al., 2007; Elenkov et al., 
2001; Fofie et al., 2004).  
Some autoimmune diseases, such as rheumatoid arthritis (RA), often remit during 
pregnancy, particularly in the 3rd trimester, but experience an exacerbation during the postpartum 
period (Elenkov & Chrousos, 2002). RA can be viewed as an excessive pro-inflammatory 
disease because RA patients often exhibit chronically elevated levels of pro-inflammatory 
cytokines, such as IL-6, IL-1, and TNF-α (Straub, & Cutolo, 2001; Wilder, 1996; Wilder & 
Elenkov, 1999). In contrast, autoimmune diseases that present with elevated levels of anti-
inflammatory cytokine production, such as systemic lupus erythematosus (SLE), were found to 
increase during pregnancy (Khamashta, Ruiz-Irastorza, & Hughes, 1997). The evidence from 
autoimmune disease research indirectly corroborates that the maternal body goes through a shift 
towards an anti-inflammatory state during pregnancy, particularly in the 3rd trimester. 
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2.3.4 Stress’s Impact on HPA Axis and Immune Function During Pregnancy 
In this section, I review the literature on associations between prenatal stress and birth 
outcomes as mediated by maternal cortisol levels (as part of the maternal neuroendocrine system) 
and inflammatory biomarker levels (as part of the maternal immune system). 
Prenatal Stress and The HPA Axis Functioning Indicated by Cortisol Levels. When 
reviewing the literature on prenatal stress’s impact on the HPA axis, it is important to note that 
the commonly used biomarker for the HPA axis, cortisol, has been measured in a variety of ways. 
Some common methods to measure maternal cortisol levels include sampling maternal blood, 
saliva, and urine (Gitau, Cameron, Fisk, & Glover, 1998; van den Heuvel, van Assen, Glover, 
Claes, & Van den Bergh, 2018). For many years, cortisol was only obtained from blood or urine, 
but later saliva was added and is viewed as the least invasive and convenient method so far 
(Meyer & Novak, 2012; Orta, Gelaye, Bain, & Williams, 2018). 
Overall findings on whether prenatal stress is associated with maternal salivary cortisol 
levels have been mixed and inconsistent. Among the studies that have found an association 
between prenatal stress and cortisol levels, the specific index of cortisol that was found to be 
associated with prenatal stress tends to vary across studies. For example, Obel and colleagues 
(2005) reported that stressful life events were associated with elevated evening but not morning 
salivary cortisol levels in late but not early pregnancy. Pluess et al. (2012) reported that only 
positive life events but not negative life events were significantly associated with morning 
salivary cortisol levels in the 3rd trimester, specifically, more positive life events predicted lower 
cortisol levels. These studies suggest salivary morning cortisol levels alone might not be a good 
biomarker to use when studying prenatal stress.  
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In another study (Giesbrecht et al., 2012), where prenatal stress was measured using 
ecological momentary assessment of maternal negative mood, it was found to be positively and 
linearly associated with corresponding salivary cortisol levels measured five times a day on 
several days. Such an association was found to be stable across gestation. This finding suggests 
that salivary cortisol might be a reliable biomarker of acute/episodic stress but may not be a good 
index to study chronic stress. In another study, pregnancy-related stress was found to be 
positively associated with the steepness of salivary cortisol increasing trajectory over the course 
of pregnancy, and the differences between individuals were most evident during the last trimester, 
highlighting there might be a specific window for the detection of individual differences in 
cortisol levels due to prenatal stress (Kane, Dunkel-Schetter, Glynn, Hobel, & Sandman, 2014). 
In addition, prenatal stress measured by Cohen’s Perceived Stress Scale (PSS; Cohen, Kamarch, 
& Mermelstein, 1983; 1994) during 24-28 weeks and the entire pregnancy was found to be 
significantly positively correlated with maternal cortisol levels measured in blood sample right 
before delivery (Rabiepoor, Abedi, Saboory, & Khalkhali, 2019). Increases in maternal plasma 
cortisol and placental CRH measured at 15, 19, and 25 weeks were associated with decreases in 
fetal maturation among males controlling for gestational age (Ellman et al., 2008).  
Meanwhile, other studies failed to find any associations between prenatal stress and 
cortisol levels measured in these bodily fluids (e.g., Kivlighan, DiPietra, Costigan, & 
Laudenslager, 2008; O’Conner, Bergman, Sarkar, & Glover, 2013; Shea et al., 2007). For 
example, cortisol measured from amniotic fluid, which is considered to be the most direct index 
of fetal exposure to cortisol, was not associated with maternal self-reported stressful life events 
during mid-pregnancy (O’Connor et al., 2013). Kivlighan and colleagues (2008) reported that 
 31 
neither maternal pregnancy-related risk nor general perceived stress was associated with salivary 
cortisol diurnal patterns or morning cortisol levels at 36 weeks of gestation.  
There are several possible explanations for why these studies have failed to yield 
consistent results. To start with, the various timings of measurement of either prenatal stress or 
cortisol might explain some inconsistent findings. For instance, women who reported 
experiencing more than one very stressful life event or worries about pregnancy complications 
during the 2nd trimester were found to have a higher evening salivary cortisol level but not 
morning ones during late pregnancy. Whereas when women reported higher pregnancy-related 
stress in the 1st trimester, they did not exhibit higher evening cortisol levels but tended to have a 
blunted morning cortisol response around the early 2nd trimester (Obel et al., 2005). 
Another possible explanation is the measurement of cortisol or more accurately, the 
mismatch between measurement of the conceptualization of prenatal stress and chosen cortisol 
index. As mentioned before, the dominant biomarkers of HPA axis function in the literature have 
been cortisol measured in saliva, blood, or urine. Cortisol levels measured via these body fluids 
reflect short-term acute cortisol excretion, ranging from 1-24 hours prior to collection. Such 
matrices allow for an investigation of the impact of diverse cortisol diurnal patterns or short-term 
cortisol reactions to acute stress. Therefore, when prenatal stress is measured in a way that 
captures chronic stress rather than episodic acute stress, such cortisol indices are likely to fail to 
accurately reflect the underlying association. 
Moreover, cortisol levels measured in bodily fluids are also more susceptible to 
measurement errors due to the variation in collection time and confounding environmental 
disturbances, particularly in blood and saliva samples as they are both point samples (Meyer & 
Novak, 2012). For example, salivary cortisol reflects cortisol concentration at a single point in 
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time and approximately 70% of its variance can be attributable to time-of-day effects (Adams, 
2012). Even after controlling for time-of-day for cortisol measures, there could still be variances 
due to events that happened right before collection. Thus, the various collection times and 
conditions when measuring cortisol in bodily fluids make it hard to readily compare the results 
from these studies. It is, therefore, not uncommon to find no relationship between these cortisol 
measures and self-reported psychological stress (Dettenborn et al., 2010) that captures chronic 
instead of acute stress. 
In recent years, researchers have tested hair cortisol concentrations (HCC) as a potential 
biomarker of chronic stress in pregnancy. Cortisol is deposited in the hair shaft as the hair grows, 
and one centimeter of hair usually represents the cortisol level in the past one month based on the 
average rate of hair growth. Thus, a hair sample of a certain length could provide a timeline of 
cumulative cortisol exposure over several months (Meyer & Novak, 2012). In addition, cortisol 
concentration measured in hair samples is easy to collect and reflects cortisol exposure at the 
tissue level. Hair cortisol levels are slightly influenced by hair treatment but not by use of hair 
products, gender, age, or natural hair color thus also rather stable (Manenschijn, Kopper, 
Lamberts, & Van Rossum, 2011). Thus, cortisol measured in hairs is also less intrusive, stable, 
and easier to collect and can be used as a more appropriate index of long-term physiological 
stress (van Holland, Frings-Dresen, & Sluiter, 2012). 
 In terms of the relationship between concurrent acute cortisol measured from bodily 
fluids and chronic cortisol measured from hair, van Holland and colleagues (2012) found that 
short-term salivary cortisol excretion was significantly but moderately associated with long-term 
hair cortisol excretion when salivary cortisol was sampled six times per day across three days. In 
another study, hair cortisol concentration (HCC) for 1 cm of hair was found to be highly 
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correlated with the mean area under the curve with respect to ground (AUCg) measured via 
saliva samples collected three times every day during the past month but was not associated with 
mean slope or cortisol awakening response (CAR; Short et al., 2016). In addition, HCC for 3 cm 
of hair, reflecting average cortisol concentration in the past three months, was found to correlate 
with AUCg in saliva samples measured three times a day for two separate three-day periods 
during the same three-month period (D’Anna-Hernandez, Ross, Natvig, & Laudenslager, 2011).  
These studies pointed out that although average salivary cortisol levels seem to be 
significantly correlated to HCC, these two cortisol measures represent substantial differences in 
what kind of biological responses each one is best at capture. It is important to select the right 
biomarker to investigate based on the type of psychological stress of interest. In this study, I am 
interested in examining how chronic prenatal stress impacts infants’ birth outcomes via 
biophysiological pathways. Therefore, choosing cortisol measured in hair as a corresponding 
biomarker of chronic perceived stress is more appropriate. 
Studies have reported that hair cortisol concentrations increased significantly during 
pregnancy similar to cortisol measured in other ways (e.g., Orta et al., 2018; Smy et al., 2016) 
but the speed of increase slows down as pregnancy progress (Galbally, van Rossum, Watson, 
Ronald de Kloet, & Lewis, 2019). The literature on the association between prenatal stress and 
hair cortisol at the moment is limited. In a small sample of 23 healthy pregnant women 
undergoing normal pregnancy, perceived stress was found to be positively correlated with 
maternal hair cortisol levels when measured around the beginning of the 2nd trimester (Kalra, 
Einarson, Karaskov, Van Uum, & Koren, 2007). In another study, among the three clusters of 
symptoms measured in perceived stress scale (PSS) during mid-pregnancy, only one cluster 
reflecting pregnant women’s negative frame of mind regarding life and inefficacy in handling its 
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problems was found to be associated with higher levels of cortisone measured in hair (Musana et 
al., 2019).  
Hair cortisol reflecting early to mid-pregnancy was found to correlate with perceived 
stress when pregnant women reported at least two adverse childhood experiences in a small 
sample of 30 participants (this correlation was not significant perhaps due to the small sample 
size (Bowers et al., 2018). To note, the association between lifetime stress exposures and HCC 
was found among African American pregnant women only in a study (Schreier et al., 2016), 
suggesting the importance of considering the moderation effects of race/ethnicity and will be 
discussed later in the manuscript. 
In contrast, Galbally and colleagues (2019) found that maternal HCC did not change 
correspondingly with changes in maternal stress levels or mental health symptoms during the 
same period. Kramer and colleagues (2009) did not find an association between HCC and any of 
the stress measures, including pregnancy-related stress and chronic stress due to financial strain 
or crowding in a subsample of 117 women who provided hair samples, which might be due to 
selection effects from participants who were able to provide hair samples. Orta and colleagues 
(2018) reported a seemingly surprising finding. Higher perceived stress measured in the 1st 
trimester was found to be associated with lower HCC from preconception to 3rd trimester (Orta et 
al., 2018). The average levels of HCC observed at each trimester (5, 6, 9 pg/mg in 1st, 2nd, 3rd-
trimester hair segments.) were smaller in this study than several other studies (D’Anna 
Hernandez, Ross, Natvig, & Laudenslager, 2011; Kirschbaum et al., 2009), which were generally 
in the two digits (13, 20, 40 pg/mg in Kirschbaum et al., 2009; 25, 33, 40 pg/mg in D’Anna et al., 
2011). Therefore, it might be the case that the selected sample in Orta et al’s study (2018) was 
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manifesting a rare case of hypocortisolism due to chronic high psychosocial stress, which might 
account for the unexpected finding.  
Findings from the above-reviewed studies show that our understanding of whether hair 
cortisol might be implicated in the association between prenatal stress and birth outcomes is still 
limited. However, current evidence seems to suggest that both cortisol measured in bodily fluids 
and hair samples are likely to be positively associated with prenatal stress and such association 
might become evident during later pregnancy. In a recent review (Kim, Kim, & Son, 2020), the 
authors urged for more regulated and standardized methods for hair sample collection, storage, 
and analysis in future studies to improve the likelihood of confirming whether prenatal stress is 
associated with HCC or not. The limitations in the literature prompt researchers to continue their 
investigation of prenatal stress’s impact on the HPA axis via measuring cortisol in hair samples. 
It is very important to analyze hair cortisol from different trimesters in bigger representative 
samples with adequate statistical powers. It is also critical to explore this association with 
improved measures of chronic prenatal stress, such as exploring latent measures of chronic 
prenatal stress.  
Cortisol as A Mediating Mechanism Between Prenatal Stress and Birth Outcomes. 
A major mechanism that has been proposed to explain the association between prenatal stress 
and birth outcomes is the exposure of glucocorticoid cortisol to the developing fetus through the 
dysregulation of the maternal HPA axis (Duthie & Reynolds, 2013). As discussed earlier, when 
pregnant women experience stress, their HPA axis is activated, resulting in the release of 
multiple hormones, including cortisol (Tollenaar, Beijers, Jansen, Riksen-Walraven, de Weerth, 
2011). Cortisol is needed for various aspects of fetal brain development and late gestational lung 
maturation (Howerton & Bale, 2012; Peña, Monk, & Champagne, 2012). Insufficient or 
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excessive cortisol exposure in utero is postulated to compromise fetal immunological, physical, 
and brain development (Entringer et al., 2008; for review, see Seckl & Meaney, 2004) and affect 
birth outcomes. 
There are multiple ways elevated maternal cortisol levels could result in elevated cortisol 
levels in the fetus (Duthie & Reynolds, 2013) and therefore impact birth outcomes. First, 
increased circulating maternal cortisol concentrations may be directly transported to the fetus via 
the placenta and enter fetal circulation. Within the placenta, there is a type of dehydrogenase 
enzyme named, 11-hydroxysteroid dehydrogenase type 2 (11BHSD2 or HSD11B2), which acts 
as the protector of the fetus by converting cortisol to its inactive form, cortisone (Benediktsson, 
Calder, Edwards, & Seckl, 1997; Murphy, Smith, Giles, & Clifton, 2006; Seckl, 1997), thus 
reducing the amount of cortisol exposure in the fetal system. However, not all of the cortisol 
entering the placenta could be inactivated. Studies show that about 40% of the variance in fetal 
cortisol concentrations can be accounted for by maternal cortisol levels (Gitau, Cameron, Fish, & 
Glover 1998). Thus, increased maternal cortisol concentrations can be viewed to indicate 
elevated cortisol concentrations in the fetus. 
Similar to maternal cortisol levels, the levels of 11BHSD2 also increase as pregnancy 
advances, therefore partially protecting the fetus from overexposure to the rising levels of 
maternal cortisol. Towards the end of the pregnancy, the activity of the placental enzyme 
decreases, allowing more maternal cortisol to reach the fetus to prepare for labor (Giannopoulos, 
Jackson, & Tulchinsky, 1982; Murphy et al., 2006) The normal increase in maternal cortisol 
during gestation and the decrease in placental 11BHSD2 activity at the end of the pregnancy are 
critical in ensuring the fetus receives sufficient levels of cortisol exposure during the 3rd trimester, 
which serves a fundamental role for the maturation of fetal lungs (Austin & Leader, 2000; 
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Hacking, Watkins, Fraser, Wolfe, & Nolan, 2001) and brain development (Zarrow, Philpott, & 
Denenberg, 1970 However, studies have shown that chronic stress, anxiety or depression was 
negatively correlated with the activity of 11BHSD2 (O’Donnell et al., 2012), causing the fetus to 
experience greater cortisol exposure. Hence, prenatal stress might increase fetal cortisol exposure 
not only by elevating circulating maternal cortisol concentrations but also by compromising the 
protection from the 11BHSD2 enzyme, resulting in increased fetal cortisol exposure. 
Second, maternal cortisol stimulates the placenta to secrete more CRH, which further 
stimulates the fetal HPA axis, resulting in naturally rising levels of fetal and maternal cortisol 
(Majzoub & Karalis, 1999) during pregnancy. Placental CRH concentrations have been found to 
be associated with decreased fetal growth and smaller size at birth (Wadhwa et al., 2004). In a 
sample of 232 pregnant women, elevated CRH levels at 33 weeks of gestation were found to be 
associated with a 3.6-fold increase in the adjusted relative risk for fetal growth restriction. In 
addition to affecting fetal growth and birth weight, CRH is proposed to impact gestational age at 
birth via regulating the placental clock that controls a cascade of physiological events leading to 
parturition (Smith, Mesiano, & McGrath, 2002). Excessive CRH level during mid-pregnancy has 
been found to be associate with PTB (Sandman et al., 2006). During late pregnancy, similar 
effects were found. Elevated CRH levels were found to be associated with a 3.3-fold increase in 
the adjusted relative risk for spontaneous PTB (Wadhwa et al., 2004). 
During pregnancy, while CRH levels could experience a 20-fold increase, CRH-binding 
protein also increases which limits the bioavailability of free (active) CRH in the maternal 
system. Hence, CRH-binding protein serves as a protective factor to prevent the fetus from 
overexposure to CRH (Hobel et al., 2008). Hobel et al (1999) found that increasing CRH levels 
and decreasing CRH-binding protein levels during mid-pregnancy were associated with PTB due 
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to an increasing level of free CRH in pregnant women. Plasma cortisol levels at 15 weeks of 
gestation were found to predict CRH surge at 31 weeks, with every unit increase in plasma 
cortisol (g/dl) associated with a 34 unit increase of CRH (pg/ml) (Sandman, et al., 2006). The 
association between cortisol levels at 15 weeks’ gestations and PTB was mediated by placental 
CRH at 31 weeks. Therefore, another mechanism prenatal stress might influence both birth 
weight and gestational age at birth could be via the associated rise in CRH levels from elevating 
cortisol levels.  
In the animal literature, this neuroendocrine mechanism has been well-documented (e.g., 
Barbazanges et al., 1996, Koehl et al., 1999, Lemaire et al., 2000, Maccari et al., 1995). Birth 
weight was reduced by 10% in pregnant rats after dexamethasone (synthetic glucocorticoids) 
injection to pregnant rats in the last week of pregnancy (Nyirenda et al., 1998). Additionally, 
betamethasone given to pregnant sheep (similar to the compound used in human obstetric 
practice) also resulted in reduced weight at birth (Sloboda, Moss, Newnham, & Challis, 2000). 
In human research, maternal cortisol levels have been reported to affect both fetal growth 
and gestational age at birth. Low levels of maternal cortisol collected from blood samples have 
been found to be associated with IUGR (Nieto-Diaz, Villar, Matorras-Weinig, & Valenzuela-
Ruíz, 1996; Strinic, Roje, Marusic, & Capkun, 2007). Women who experienced preterm labor 
were found to have significantly higher levels of plasma cortisol and CRH prior to the onset of 
labor than women who deliver normally (Stalla et al., 1989; Mazor et al., 1994; Sandman et al., 
1997). Elevated baseline levels of salivary cortisol measured at both 28 weeks and 36 weeks 
were found to predict lower birth weight and shorter gestation, with 36 weeks cortisol levels 
having a bigger and more significant effect (Stewart et al., 2015). In a prospective study among 
81 pregnant women (Bolten et al., 2011), maternal salivary cortisol levels after awakening 
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measured during early and late pregnancy were reported to be negatively associated with birth 
weight and explained around 20% of the variance in birth weight controlling for gestational age 
at birth and other factors. These findings consistently suggest excessive maternal cortisol 
concentrations might be associated with shorter gestational age at birth and/or lower birth weight.  
However, in a study of 52 participants where HCCs were measured across pregnancy, 
women who delivered preterm had significantly lower HCCs in the 3rd trimester only than 
women who had term deliveries (Duffy, Schminkey, Groer, Shelton, & Dutra, 2018). The 
participants in this study overall have lower educational attainment and the average gestational 
age at birth in this sample is 31.45 weeks, suggesting this was a relatively high-risk sample. 
Therefore, their lower HCC might reflect hypocortisolism. However, the sample size is relatively 
small therefore interpretation should be taken with caution. 
In studies that have examined the HPA axis functioning indicated by cortisol levels as a 
potential mediating mechanism directly, evidence was found for both birth weight and 
gestational age. In a cross-sectional study of 98 women who were between 16 and 29 weeks 
pregnant, the negative association between prenatal stress and estimated fetal weight based on 
ultrasound biometry records was fully mediated by maternal urinary cortisol levels (Diego et al., 
2006). Mancuso and colleagues (2004) reported that plasma corticotropin-releasing hormone 
(CRH) partially mediated the relationship between pregnancy-related stress and gestational age 
at birth only at late pregnancy but not at middle pregnancy. Women with higher pregnancy-
related stress were found to have higher levels of CRH and delivered earlier than women with 
lower pregnancy-related stress and CRH levels at 28 to 30 weeks of gestation. 
However, some studies were not able to validate such a mediating mechanism. In a large, 
prospective, case-control study of more than 5,000 pregnant women, Kramer and colleagues 
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(2009) reported that although both pregnancy-related stress and hair cortisol concentrations were 
significantly associated with gestational age at birth, the two predictors were not significantly 
associated with each other. Additionally, in a sample of 98 low-risk pregnant women, Kivlighan 
and colleagues (2008) did not find any association between either morning cortisol levels or 
diurnal decline with psychological prenatal stress. However, they did find associations between 
maternal morning cortisol levels and the morning decline at 36 weeks of gestation and birth 
weight. Specifically, infants born with above-average weights were found to be associated with 
mothers who had lower morning cortisol levels and slower morning cortisol decline. Whereas 
infants born with lower-than-average birth weights, their mothers were found to have higher 
morning cortisol levels and a steeper morning decline.  
This result is inconsistent with previous studies, which might be explained by the sample 
composition. Their study consists of normotensive pregnant women with no known pregnant 
complications or serious medical conditions. The participants were primarily white (87%) and 
relatively well-educated (mean years education =16.8 years). Thus, among a group of pregnant 
women with minimal risk factors, excessive cortisol levels were unlikely to be recorded. Due to 
the overall low level of stress and small variability reported in this study, it might be difficult for 
the researchers to detect any relationship between prenatal stress and maternal cortisol or birth 
outcomes. Thus, the findings from Kivligan and colleagues’ study could be viewed to have 
demonstrated the importance of sufficient cortisol levels in ensuring adequate fetal growth. 
In addition, the literature suggests that there may be one sensitive period in the early 2nd 
trimester for maternal cortisol to show an influence on the timing of labor (Sandman et al., 2006) 
and another period in late pregnancy for maternal cortisol to influence fetal growth and birth 
weight (Stewart et al., 2015). This latter effect may be due to the peak velocity of adipose tissue 
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deposition occurring after 28 weeks of gestation (Tanner & Tanner, 1990). Supporting studies 
show that external influences during this late period could affect birth weight (Paige & Villar, 
1982 Ulijaszek et al., 1998).  
To sum up, there is a growing amount of literature suggesting that maternal cortisol 
levels might be a mediating mechanism linking prenatal stress with birth outcomes including 
both gestational age at birth and birth weight. Evidence supporting the associations between 
prenatal stress and maternal cortisol, and maternal cortisol and birth outcomes, is plenty but 
findings from studies that have directly examined cortisol as a mediating pathway painted a 
mixed picture. Some of the inconsistencies in the literature might be due to the measurement 
issues in collecting cortisol in bodily fluids. Hair cortisol concentrations might be a more reliable 
biomarker to study the impact of chronic prenatal stress and to explore as a mediator of its 
effects on birth outcomes. Moreover, the timing of when maternal cortisol is measured is also 
critical in affecting whether or not and what significant mediating results can be detected since 
the critical windows of when and how maternal cortisol might impact birth weight and 
gestational age at birth might differ. 
Prenatal Stress and Immune Functioning Marked by Inflammatory Biomarkers. 
Stress is known to affect immune function and potentially lead to inflammation (Cohen & 
Herbert, 1996). Mechanisms through which prenatal stress could influence maternal immune 
functions include both direct and indirect ones (Merlot, Couret, & Otten, 2008). Prenatal stress 
could directly alter immune functions by affecting the ontogeny of immune cells. The function of 
both T- and B-lymphocytes, natural killer (NK) cells and cytokine productions have been found 
to be reliably suppressed by stress (Rabin & Rabin, 1999). It can also indirectly exert impact via 
affecting the maternal and fetal HPA axis, increasing cortisol production, and mobilizing 
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immune cells to mount for an immune response. In addition to physiological mechanisms, 
prenatal stress might also indirectly induce immune alterations via behavioral factors such as 
affecting maternal eating, sleeping, and physical activity, which could increase the risk of 
infection (Beijers et al., 2014). Inflammation is a normal response of the immune system to 
injuries and infections and plays a vital part in maintaining tissue homeostasis. Both an 
exaggerated inflammatory reaction and a weak inadequate response could lead to disease 
(Romero et al., 2006) and/or poor pregnancy outcomes. One way stress might lead to these 
adverse health outcomes is via causing inflammatory responses, which are indicated by 
inflammatory biomarkers such as cytokines and C-Reactive Protein (CRP). 
The duration and severity of stress were reported to have qualitatively different effects on 
immune functions during non-pregnant times. A meta-analysis (Sergerstrom & Miller, 2004) 
showed that acute stressors that were invoked by laboratory challenges (e.g., public speaking, 
mental arithmetic) were associated with upregulation of some parameters of innate immunity 
(e.g., increased IL-6 and CRP level and increased number of natural killer cells) and 
downregulation of some functions of adaptive immunity (e.g., decreased number of T 
lymphocytes). Naturalist stressors involving a person tackling a real-life challenge that lasts for a 
short period of time (e.g., taking academic examinations, relocation) were associated with 
suppressed Th1 immunity (e.g., decreased IL-2 and IFN- levels) but preserved Th2 immunity 
(e.g., stable IL-4 and IL-10 levels). Whereas chronic stressors that continuously last for a long 
period of time (usually pervading a person’s life) were associated with suppression of both Th1 
and Th2 immunity measures (e.g., decreased T-helper lymphocytes). Because Th1 immunity 
responses are mounted against intracellular pathogens like viruses and Th2 immunity targets 
extracellular pathogens like parasites and bacteria, the effects of naturalist stressors on humans 
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tend to be a reduced defense against many kinds of viral infection and some kinds of neoplastic 
disease (conditions that cause tumors to grow, both benign and malignant), whereas the effects of 
chronic stressors tend to be more severe since it is associated with combined immunodeficiency 
against both intracellular and extracellular pathogens, resulting in increased susceptibility of 
repeated viral and bacterial infections and developing cancer. 
However, much less is known about the immune responses to stress during pregnancy 
and how they might look and function differently from non-pregnant times. As reviewed in a 
previous section, normal pregnancy is already a carefully regulated inflammatory state, which 
gradually shifts towards a more anti-inflammatory status as pregnancy progresses. When the 
function of the immune system is disrupted by elevated stress levels, the maternal immune 
system could alter cytokine production pattern (Coussons-Read, Okun, & Simms, 2003) and 
exhibit a pro-inflammatory profile that exceeds the level of inflammation needed to maintain a 
normal pregnancy due to the secretion of pro-inflammatory cytokines or an insufficient amount 
of anti-inflammatory cytokines. As the result, stress experienced during pregnancy might disrupt 
the expected inflammatory status transition causing suboptimal health outcomes in both mother 
and fetus. Despite research demonstrating stress effects on immune functioning in animals and 
humans during non-pregnant times (e.g., Cunnick et al., 1992; Kiecolt-Glaser & Glaser, 1992; 
Shurin et al., 1994; Yang & Glaswer, 2000), research during human pregnancy is recent and still 
accumulating. Next, I review the literature on the associations between prenatal stress and 
maternal immune system functioning as measured in inflammatory cytokine and CRP levels. 
In a study among 72 women who were more than 32 weeks pregnant, Herrera and 
colleagues (1998) reported that high levels of prenatal stress were associated with reduced 
lymphocyte activity, providing basic support for prenatal stress’s impact on general immune 
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suppression during pregnancy. In more recent years, prenatal stress has been found to alter 
maternal immune functioning and lead to increases in certain pro-inflammatory cytokines and 
decreases in anti-inflammatory cytokines during specific stages of pregnancy. In a study with 52 
mostly white women, prenatal stress was found to be related to higher serum IL-6 and IL-
1 levels (both are pro-inflammatory) in early and late pregnancy, and lower IL-10 (anti-
inflammatory) in early pregnancy. Meanwhile, elevated levels of prenatal stress during the 2nd 
and 3rd trimesters were associated with increased serum levels of CRP, making this study the first 
one to address the relationship between stress and CRP during pregnancy (Coussons-Read, Okun, 
& Nettles, 2007). In a study consisting of 99 African American and 120 white American 
pregnant women, being African American or low-income was found to be associated with higher 
CRP levels. However, after adjusting for psychosocial, behavioral, and infection-related controls, 
only higher numbers of stressful life events reported were found to be related to higher serum 
CRP levels, but not self-reported perceived stress (Paul, Boutain, Agnew, Thomas, & Hitti, 
2008). 
In a smaller study with 30 pregnant women, mean serum IL-6, TNF-α levels collected 
three times between 16 and 36 weeks of gestation were found to be positively associated with 
prenatal stress, whereas IL-10 level was negatively associated with prenatal stress (Coussons-
Read, Okun, Schmitt, & Giese, 2005). As previously documented, the production of pro-
inflammatory and anti-inflammatory cytokines are mutually inhibitory and tend to be positively 
related. These findings suggest that prenatal stress could potentially disrupt the balance between 
pro-and anti-inflammatory cytokine production, resulting in elevated pro-inflammatory 
responses and inadequate anti-inflammatory responses. In addition, such effects might be stage-
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specific, meaning that the disruption of pro-and anti-inflammatory cytokine production is 
observable during certain gestational stage(s) (Coussons-Read et al, 2007). 
It is important to note that there are inconsistencies in these findings across studies. In a 
study among 60 pregnant women, researchers failed to find any associations between prenatal 
stress and serum cytokine levels but found that higher depressive symptoms predicted increased 
serum IL-6 and TNF-α levels (Christian, Franco, Glaser, & Iams, 2009). The contrary result in 
this study might be due to differences in sample composition as this study focused on women 
from highly disadvantaged socioeconomic backgrounds with a high prevalence of clinically 
significant depressive symptoms. Thus, in a sample where depressive symptoms are low, 
perceived stress might have a greater predictive value. Moreover, in a study among 206 pregnant 
women, no relationship was found between prenatal stress and serum CRP levels (Borders et al., 
2010). 
In sum, despite the paucity of research, existing literature suggests that elevated prenatal 
stress appears to associate with irregular maternal immune function indexed by alterations in 
serum levels of inflammatory biomarkers. Inflammatory biomarkers that were consistently found 
to be impacted by prenatal stress include CRP, pro-inflammatory cytokines IL-6, IL-1, TNF-α, 
and anti-inflammatory cytokine IL-10. Prenatal stress seems to lead to increases in CRP levels 
and pro-inflammatory cytokine levels, as well as decreases in anti-inflammatory cytokine levels. 
However, more research is needed to replicate these findings. 
Inflammatory Biomarkers as Mediating Mechanisms Between Prenatal Stress and 
Birth Outcomes. During pregnancy, the dysregulation of cytokine networks has been proposed 
to lead to adverse pregnancy outcomes, such as spontaneous abortion, PTB (Gibbs, Romero, 
Hillier, Eschenbach, & Sweet, 1992; Gomez et al., 1995), and IUGR (Orsi & Tribe, 2008). 
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Goldenberg and colleagues (2000) reported that a majority of PTB has been attributed to 
inflammatory pathways. Studies have shown that pro-inflammatory cytokines IL-6 and TNF-α 
are involved in the ripening of the cervix before delivery thus can be associated with premature 
labor and delivery (Zhang, Wang, Zhao, & Kang, 2000). Elevated proinflammatory cytokines, 
such as Il-6, Il-8, TNF-, were found to lead to subsequent activation and production of 
prostaglandins, which could induce uterine contractions (Raghupathy, Mutawa, Makhseed, Al-
Azemi, & Azizieh, 2007). It has been hypothesized that elevated levels of pro-inflammatory 
cytokines could bring about PTB through increasing prostaglandin levels by manipulating its 
production, metabolism, or both (Wei, Fraser, & Luo, 2010). Meanwhile, anti-inflammatory 
cytokine IL-10 is important in pregnancy as it is believed to be involved in progesterone 
production and maintenance of pregnancy (Hennessy, Pilmore, Simmons, Painter, 1999), 
alterations of which could also lead to premature birth.  
In addition, many studies (e.g., Cha, Sun, & Dey, 2012; Dobaño et al., 2018; Hsu & 
Nanan, 2014; Romero et al., 2007) have shown that both pro-and anti-inflammatory cytokines 
might affect fetal growth via various effects on vascular function impacting uterine arterial blood 
flow and diffusion through the placenta, disrupting the nutrient transfer to the fetus, altering the 
normal hormonal cascades important for gestation. IL-6 and TNF-α were proposed to signify 
poor tissue growth or decreased tissue mass of placenta or fetus (Galazios et al., 2002; 
Laskowska, Laskowska, Leszcyńska-Gorzelak, & Oleszczuk, 2007). Hence, although much 
remains to be learned regarding the associations between prenatal stress and cytokine 
productions, current evidence suggests that inflammatory markers might be potential mediators 
via which prenatal stress influence birth outcomes, both gestational age at birth and birth weight. 
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Empirical evidence linking cytokines and birth outcomes has been growing in recent 
years. The majority of studies examined the effects of two pro-inflammatory biomarkers, IL-6 
and CRP. For example, a high IL-6 level in cord serum was found to predict spontaneous PTB 
with high accuracy at a sensitivity level of 85% and a specificity level of 57% (Kaukola, et al., 
2006). One study reported that fetal plasma IL-6 that was above 11 pg/ml had a higher chance of 
spontaneous PTB than those with equal or lower IL-6 values among a group of 41 patients with 
preterm premature rupture of membranes (Romero et al., 1998). In a study of 407 pregnant 
women, higher maternal IL-6 relative to IL-10 ratio measured at 3rd trimester was associated 
with reduced birth weight but no significant results were found on individual cytokines 
(Ragsdale, Kuzawa, Borja, Avila, & McDade, 2019). 
In terms of CRP, supporting evidence is much more abundant. Studies have suggested 
that maternal CRP is associated with both gestational age at birth (e.g., Lohsoonthorn, Qiu, & 
Williams, 2007; Pitiphat et al., 2005) and birth weight (e.g., de Oliveira et al., 2017; Ernst et al., 
2011; Retnakaran et al., 2012). Increased maternal serum CRP levels measured at early 
pregnancy were found to be associated with a nearly twofold increased risk of PTB in a case-
control study of 484 women, 84 of whom delivered prematurely (Hvilsom, Thorsen, Jeune, & 
Bakketeig, 2002). Kuzawa, et al. (2017) found not only a significant inverse relationship 
between maternal plasma high-sensitive (hs)-CRP and gestational age at birth, but also a 
significant inverse relationship with offspring birth weight. Importantly, the latter relationship 
was not limited to higher levels of hs-CRP but across the full range. 
Moreover, Guven and colleagues (2009) found in a cross-sectional study that both 
elevated maternal serum levels of IL-6 and hs-CRP were associated with lower fetal birth weight 
in the early 3rd trimester especially among women who developed preeclampsia, and less 
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strongly among normotensive healthy pregnant women, or women who have mild preeclampsia. 
However, in a recent large study measured at 28 weeks’ gestation among over 1,400 participants 
(Yeates et al., 2019), neither pro-inflammatory cytokines (IFN-γ, IL-1β, IL-2 and TNF-α, IL-6), 
anti-inflammatory cytokines (IL-4, IL-5, IL-10), nor their ratio was found to be significantly 
associated with any birth outcomes. Although CRP was still found to be negatively predictive of 
birth weight in this study. 
Studies examining other cytokines have been limited and generated mixed results. 
Elevated maternal serum TNF- measured between 26- and 36-weeks’ gestation was found to be 
associated with PTB (Gücer et al, 2001). However, in one study of 225 asymptomatic women, 
cervical measures of TNF- did not differ between women who had preterm delivery and those 
who had term delivery (Paternoster et al., 2002). In addition, contrary to IL-10’s hypothesized 
anti-inflammatory function and protective role in maintaining pregnancy, both amniotic fluid 
levels and maternal serum levels of Il-10 were found to be inversely instead of positively related 
to gestational age during the 2nd trimester (Apuzzio et al., 2004; Pearce et al., 2010). Furthermore, 
Goldenberg et al. (2001) did not find any association between maternal serum levels of IL-10 
and PTB. These results suggest potential cytokine specificity regarding associations with birth 
outcomes, with IL-10 perhaps less likely to mediate the association between prenatal stress and 
birth outcomes than others. 
In a meta-analysis that included seventeen primary studies comprising over 6,000 
pregnant women by Wei, Fraser, and Luo (2010) on predictors of PTB, they concluded that 
elevated IL-6 levels in mid-trimester cervicovaginal fluid and amniotic fluid were strongly 
associated with spontaneous PTB but no association was found in plasma specimen. Meanwhile, 
spontaneous PTB was strongly associated with elevated levels of CRP levels in mid-trimester 
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amniotic fluid as well as in plasma specimens. To note, only two studies were included in this 
meta-analysis on maternal plasma IL-6 levels, and studies on other cytokines, such as IL-10, IL-
8, and TNF-, are also very few. More studies are needed to render the results from a meta-
analysis more robust. 
In a prospective study that directly examined cytokines as a mediation pathway between 
maternal prenatal stress and gestational age at birth. Coussons-Read and colleagues (2012) 
reported that elevated levels of pregnancy-related stress, IL-6, and TNF- measured in maternal 
blood, were all predictive of shortened gestational age at birth. IL-6 measured at early pregnancy 
as well as the averaged IL-6 level of early and late pregnancy measures were both found to 
mediate the association between pregnancy-related stress and gestational age at birth. The 
association between general prenatal stress during early pregnancy and gestational age at birth 
was mediated by TNF-. To my knowledge, this is the only study that has statistically directly 
examined such a mediational mechanism between prenatal stress and gestational age at birth. To 
note, although CRP is likely another mediating biomarker of the association between prenatal 
stress and gestational age at birth, no study I know of has examined it alone or in combination 
with other inflammatory cytokine mediators. 
There are several issues in the literature that need to be addressed. As mentioned in the 
above review, the literature on inflammatory markers is somewhat inconsistent, which increases 
the difficulty of deriving clear hypotheses for future studies. One potential reason is that these 
inflammatory markers were collected from various media, including maternal peripheral blood, 
cord blood, or fetal plasma. Inflammatory markers from these different measuring locations 
indicate different origins and concentrations of cytokines exposed to the fetus. Whereas 
measures from maternal peripheral blood could indicate systematic inflammation (Wei, Fraser, 
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& Luo, 2010), other measurements tend to be more focused on intrauterine inflammation. It is 
not surprising that evidence of intrauterine inflammation is a better predictor of poor birth 
outcomes. However, whether systematic inflammation could also be a predictor of birth 
outcomes is also a very important question, particularly among non-clinical populations. 
Research among this population is still scarce and greatly needed. In addition, when measured in 
maternal blood, some studies choose to collect serum samples whereas some used plasma 
samples. Cytokine levels in plasma were found to be more stable than cytokine in serum. Thus, 
plasma is believed to be a better matrix than serum for analyzing cytokines in research (Guo, 
Dong, Yuan, Dong, & Tian, 2013), and should be adopted more in future research. 
Another reason that might explain the inconsistencies in the literature is the ways these 
inflammatory cytokines were assayed. The two most commonly used assaying methods are 
enzyme-linked immunosorbent assay (ELISA) and multiplex arrays (Leng et al., 2008), with 
ELISA being the traditional and most commonly used method. However, only one single protein 
can be measured using ELISA whereas multiple proteins can be measured simultaneously using 
multiplex methods. Inflammatory responses involve a cascade of distinct cellular and molecular 
events and are a highly dynamic and interactive process (Nathan, 2002; Mak & Saunders, 2006). 
The cross-sectional single cytokine measurement by ELISA likely could not capture the true 
complexity of relevant inflammatory processes in vivo. Besides, ELISA performance is largely 
dependent on antibody quality, kit manufacturer, and operator skills and experience, making it 
difficult to compare two different cytokines measured by different ELISA kits under somewhat 
different conditions (Aziz et al., 1999). 
Multiplex assaying methods, on the other hand, are better suited to evaluate the levels of 
a single inflammatory marker in the context of multiple others since they can measure multiple 
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proteins simultaneously. These methods could perform repeated measures of the same cytokine 
panels in the same participants under the same experimental assay condition and also is able to 
detect different proteins across a broad dynamic range of concentrations (Leng et al., 2008). 
Overall, multiplex assaying methods are more appropriate when multiple inflammatory markers 
are being investigated. When conducting a meta-analysis, it is also important to consider whether 
the assaying methods are the same in the papers reviewed, which may or may not be comparable. 
Finally, another issue is reporting and publication bias. Results that were non-significant 
are less likely to be published (Carvalho et al., 2016), and non-significant results are more likely 
to be left out of a published study, creating the “file-drawer problem” (Young & Bang, 2004). 
Many studies reviewed did not report the rationale of why the few inflammatory markers were 
chosen to be assayed and analyzed in their studies, making readers wonder whether non-
significant results have simply been left out. Not to mention those studies that have found mostly 
non-significant results which never ended up being published and shared. This reporting and 
publication bias not only could inflate the effect size estimates of existing and future meta-
analyses but also mislead other researchers in their research endeavors. 
Despite the caveats in the existing literature, available studies seem to suggest maternal 
plasma CRP level and IL-6 levels are implicated in the association between prenatal stress and 
birth outcomes, whereas IL-10 is less likely to be a mediator. Some studies have started 
examining pro-/anti-inflammatory cytokine ratio as a predictor of birth outcomes but the results 
have been mixed and harder to interpret. Many studies used a relatively small sample and often 
were conducted among high-risk participants or patients admitted to hospitals for birth 
complications. Studies directly examining the mediation role inflammatory markers might play 
between prenatal stress and birth outcomes among non-clinical populations are close to zero. 
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Much more research is needed to elucidate the role these inflammatory markers might play in 
affecting birth outcomes due to the influence of prenatal stress.  
In sum, the underlying physiological pathways by which prenatal stress impacts birth 
outcomes remain unclear as stress has been found to associate with multiple behavioral and 
psychological issues and the examination of the direct physiological mediators is still in its 
nascent stage. Most prior studies only examined one physiological system, particularly the HPA 
axis. To my knowledge, only one study (Nazzari, 2019) simultaneously examined both 
alterations in the HPA axis and the immune system, but it focused on maternal depression rather 
than perceived stress. Research investigating how the immune system might also be implicated 
in these associations as well as simultaneously examining both systems as mediating 
mechanisms is greatly needed.  
2.4 Fetal Sex as a Potential Moderator 
There are known sex-specific differences in fetal growth and fetal morbidity and 
mortality (Di Renzo, Rosati, Sarti, & Cruciani, Cutuli, 2007; Engel, Smith, Brinsmead, Bowe, & 
Clifton, 2008; Vatten & Skjaerven, 2004). Males were generally born larger than females and 
females were more likely to be growth reduced (Clarke, 1786; Stevenson et al., 2000). Male 
babies were estimated to be 20% more likely to experience a poorer pregnancy outcome due to 
complications like pre-eclampsia, PTB, and IUGR (Vatten & Skjaerven, 2004). There clearly 
seems to be sex-specific fetal growth pathways in utero and the effects in response to 
pathological conditions of pregnancy such as experiencing prenatal stress might last well into 
adulthood. However, not much research has been done to elucidate the mechanisms of such sex 
differences during pregnancy.  
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One proposed mechanism to explain sex differences in birth outcomes is that the placenta 
functions in a sex-specific manner in response to physiological stress, such as rising cortisol 
concentrations, due to different survival strategies employed by male and female fetuses (Clifton, 
2010). Specifically, the female placenta was shown to be more responsive to increases in cortisol 
levels in both term and preterm pregnancies, which resulted in changes in cortisol metabolism, 
cytokine expression, and growth. Whereas the male placenta was shown to be more resistant to 
cortisol elevations enabling the male fetuses to maintain relatively stable cytokine expression and 
growth. As a result, females were more likely to decrease in growth and have lower birth weight 
but without growth restriction when stress increases during pregnancy. In contrast, males were 
more likely to experience IUGR, preterm birth, or death in utero if the stress level keeps 
increasing during pregnancy. Additionally, placental 11BHSD2, the “protective enzyme” of 
cortisol exposure, was found to increase in expression in pregnancies of the female fetuses than 
male fetuses (Monk, Lugo-Candelas, & Trumpff, 2019), which might be another mechanism 
accounting for sex-specific effects of the stress hormone, cortisol. 
Some studies (Al Atawi, Warsy, Babay, & Addar, 2005; Gol, Guclu, Demir, Erata, & 
Demir., 2005) have supported that maternal physiological adaptation across pregnancy might 
differ by fetal sex. For example, healthy pregnant women carrying female fetuses were reported 
to have exhibited flatter diurnal cortisol patterns than women carrying males (Giesbrecht et al., 
2015). The impact of maternal prenatal stress on infant neurodevelopmental disorder risk has 
also been found to be sex-specific. For instance, only male offspring had an increased risk of 
schizophrenia delivered by women who experienced the stress of the 1940 invasion of The 
Netherlands during the 2nd trimester of pregnancy (van Os & Selten, 1998). Exposure to prenatal 
stress before 32 weeks of gestation was found to contribute to offspring developing autism 
 54 
spectrum disorder (ASD), again a male-biased neurodevelopmental disorder, with males being 
3.2 times more likely to develop ASD (Beversdorf et al., 2005; Erskine et al., 2013).  
In addition, high maternal prenatal cortisol was reported to be associated with increased 
negative emotionality in females but decreased negative emotionality in males (Braithwaite et al., 
2017). Pregnant women who experienced lifetime interpersonal trauma and who exhibited flatter 
diurnal cortisol slopes were found to have children with poorer visual memory performance but 
only among boys (Campbell et al., 2019). These findings from human studies are consistent with 
what has been found in animals. In general, prenatal stress was found to increase anxiety, 
depression, and stress responses in female offspring rather than in males. Males were found to be 
more likely to show learning and memory deficits research (Glover & Hill, 2012). These results 
suggest that fetal sex might moderate the association between prenatal stress and offspring 
developmental trajectory and disease risk. 
Studies examining fetal sex-specific differences in maternal immune biomarkers have 
just begun in recent years. Enninga and colleagues (2015) reported that pregnant women carrying 
males had higher TNF- during mid to late pregnancy relative to those carrying females. 
Mitchell, Palettas, and Christian (2017) found that pregnant women carrying female fetuses 
exhibited greater lipopolysaccharide (LPS)-stimulated production of IL-6 across pregnancy, 
greater TNF- in early pregnancy, and greater IL-1 in mid-and late pregnancy, supporting 
differences in maternal immune function across pregnancy by fetal sex. However, no differences 
in serum cytokine levels were observed in relation to fetal sex in this study, which requires 
further examination. The long-lasting sex-specific fetal programming effects are also shown in 
relation to the effects of cytokines. For example, dominating levels of pro-inflammatory cytokine 
relative to anti-inflammatory cytokines during pregnancy were found to be a predictor of major 
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depressive disorders among adult males, but not females (Gilman et al., 2016). The placenta of 
males has shown greater susceptibility to cytokines when exposed to prenatal stress. Specifically, 
increased levels of proinflammatory cytokine IL-6 and IL-1 were found in male placentas 
(Bronson & Bale, 2014). 
The above evidence suggests that in studies of maternal physiological function in 
pregnancy, the role of fetal sex should be considered in the statistical models. Based on existing 
literature, it is reasonable to postulate that fetal sex might manifest divergent adaptations in utero 
to biomarkers of psychological stress, including cortisol and cytokines (Aboustate & Baune, 
2020). Most research on sex differences focuses on postnatal development. Few studies have 
examined sex-specific mechanisms with respect to human fetal programming. Therefore, to 
address these gaps, the current study included fetal sex as a potential moderator of the proposed 
model to be examined. 
2.5 Maternal Race as a Potential Moderator 
There continues to be a significant degree of racial disparity in birth outcomes of infants 
delivered by women of color in the United States (see review by Giscombé & Lobel, 2005). The 
rate of infant mortality is nearly 2.5 times higher among African American women than white 
(Livingston, Otado, & Warren., 2003). National data from 2017-2018 indicates that the incidence 
rate for LBW in the U.S. was around 8.28% (National Vital Statistics Reports, 2019). However, 
the incidence of LBW for African American women (14.07 %) is almost twice as high as the 
national average, and more than doubled the incidence for white women (6.91%) (Martin, 
Hamilton, Osterman, & Driscoll, 2019). Such racial disparity observed immediately at birth calls 
for researchers to carefully examine the etiologies of these public health issues and investigate 
potential different mechanisms leading prenatal stress to birth outcomes between different races. 
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One factor to account for this unfortunate phenomenon is the level of racism and sexism 
women of color disproportionally experience throughout their life and across generations relative 
to white Americans (e.g., Klonoff & Landrine, 1995; Klonoff, Landrine, & Ullman, 1999). Such 
pervasive experiences of discrimination could result in a higher allostatic load among African 
American women and place them at higher risk of developing dysregulated stress responses in 
neuroendocrine and immune systems during nonpregnant normal times. With the addition of 
stress from pregnancy, maternal physiological systems of African American women thus are 
more likely to be further strained and potentially malfunction, leading to worse maternal and 
infant health outcomes.  
Various studies (e.g., Jackson, Phillips, Hogue, & Curry-Owens, 2001; Thomas, 
Witherspoon, & Speight, 2008) have shown that experiencing “gendered racism” (Essed, 1991) 
is associated with greater psychosocial stress. Van Dyke and colleagues (2019) found that overall 
African Americans had higher pervasive discrimination (a combination of everyday, lifetime, 
and workplace discrimination) and higher allostatic load as indexed by 24 biomarkers 
representing physiological systems, including both the HPA axis and the immune system. 
Participants scored higher discrimination in at least two of the three types of discrimination were 
found to have higher allostatic load score adjusting for other demographics and behavioral 
factors. This association did not differ by race. Some studies have found that African American 
women born in the US have worse pregnancy outcomes than African women born in Africa 
(Cabral, Fried, Levenson, Amaro, & Zuckerman, 2011; Wasse, Holt, & Daling, 2011) indicating 
it is not genetic factors rather cultural and behavioral factors that have led to the perilous birth 
outcomes of African American infants in the US. 
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In another study of 99 African American and 120 white American pregnant women, 
higher numbers of stressful life events reported were found to be related to higher serum CRP 
levels, but not self-reported perceived stress (Paul, Boutain, Agnew, Thomas, & Hitti, 2008). The 
authors postulated that perceived stress might be an adequate predictor of immune biomarkers 
when all pregnant women are of one race. However, when there are multiple races, especially 
minority races that have historically been discriminated against, objective stressful events might 
be more predictive of outcomes as minority pregnant women may habituate to higher levels of 
chronic stress, making their perceived stress level incomparable with those of white women 
(again highlighting the different sources and consequences of experiencing stressors among 
African American pregnant women). 
In addition, the literature suggests that ethnic and racial differences in stress-related 
physiological activity seem to be present during pregnancy (Glynn et al. 2007; Suglia et al., 
2010). For instance, the association between lifetime stress exposures and HCC was found only 
among African American pregnant women (Schreier et al., 2016). The placentas of African 
American women who delivered very prematurely were more likely to manifest both acute and 
chronic inflammation than those from white births (Matoba et al., 2019). African American 
pregnant women had significantly higher mean CRP levels and mean ACTH levels in the second 
and 3rd trimesters (Borders, Wolfe, Qadir, Kim, Holl, & Grobman, 2015). Paul et al. (2008) 
reported similar results that African American women on average had higher CRP levels during 
pregnancy. In terms of racial differences related to birth outcomes, studies have found that 
exposure to prenatal stress was only predictive of LBW for African American women but not 
white women (Livingston et al., 2003; Leff et al., 1992).  
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Therefore, although the physiological mechanisms underlying the impact of maternal 
psychosocial stress on childbirth outcomes might not differ between mothers of different races. 
The strengths of the mechanisms linking prenatal stress to physiological biomarkers and birth 
outcomes might differ among pregnant women of different races. Moreover, certain associations 
might only be observed among African American population due to their higher likelihood of 
experiencing chronic stress and developing systemic inflammation. As a result, maternal race 
was considered to be another potential moderator of the proposed model to be examined. 
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CHAPTER 3 THIS STUDY AND METHODOLOGY 
3.1 Research Questions and Hypotheses 
Informed by the developmental origin of health and disease (DOHaD) hypothesis, based 
on Lazarus and Folkman’s theory of stress, and adopting a multi-system 
psychoneuroimmunology (PNI) approach, I proposed an investigation of associations between 
subjective perceptions of chronic stress on birth outcomes among a racially diverse community 
sample of pregnant women. The birth outcomes of interest were birth weight and gestational age 
at birth. Both have been shown to be influenced by prenatal stress and have been viewed as 
robust indicators of offspring development and susceptibility to disease. Prenatal stress was 
investigated as a latent variable based on three influential types of stress experienced during 
normal pregnancies: pregnancy-related stress, financial stress, and general perceived stress2. In 
addition, I examined whether HPA axis activity and immune functioning mediated the 
association between prenatal stress and birth outcomes. Based on the literature, I chose hair 
cortisol concentrations (HCC) as the physiological biomarker representing the HPA axis 
functioning and CRP and IL-6 as the inflammatory biomarkers representing immune functioning. 
IL-10 was also examined due to its known associations with both birth outcomes and prenatal 
stress but was expected to not be a significant mediator. Moreover, the proposed mediation 
model was separately examined using multi-group analyses by fetal sex, maternal race, and 
 
2 Trait stress, although can also be viewed as chronic, does not conceptually align with an individual’s perception of 
chronic stressors. Therefore, trait stress will not be included as a type of chronic stress in this study. 
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trimester of prenatal data collection based on the result of the contingency plan. A conceptual 
model is shown below. 
 
Figure 1. Conceptual model showing prenatal stress affecting birth outcomes via its 
impacts on the HPA axis and the immune system 
 
Specifically, this study aimed to address the following four questions and corresponding 
hypotheses. The first two categories of questions were my primary questions and the last two 
categories were exploratory due to the scarcity of previous literature to form official hypotheses:  
1) Measurement question: Could a latent prenatal stress variable be derived using 
measures of pregnancy-related stress, financial stress, and general perceived stress?  
Hypothesis: There would be a latent prenatal stress variable existing among three 
different types of stress measured during pregnancy, i.e., general perceived stress, pregnancy-
related stress, and financial stress. 
2) Direct effects: (a) Would latent prenatal stress be associated with infant gestational age 
at birth and birth weight? (b) Would latent prenatal stress be associated with physiological stress 
biomarkers, including HCC, CRP, IL-6, and IL-10? (c) Would these physiological stress 
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biomarkers be associated with gestational age at birth and birth weight? (d) Would gestational 
age at birth be associated with birth weight? 
Hypotheses: (a) Latent prenatal stress would be negatively associated with infant 
gestational age at birth and birth weight; (b) The latent prenatal stress would be positively 
associated with physiological stress biomarkers, HCC, CRP, IL-6, and negatively associated with 
IL-10; (c) HCC, CRP, IL-6 and IL-10 would be negatively associated with gestational age at 
birth and birth weight; (d) Gestational age at birth would be positively associated with birth 
weight. 
3) Indirect effects: (a) Would the association between latent prenatal stress and 
gestational age at birth be mediated by HCC, CRP, and IL-6, but not IL-10? (b) Would the 
association between prenatal stress and birth weight be mediated by HCC, CRP, IL-6, but not IL-
10? (c) Would the association between prenatal stress and birth weight be mediated by HCC and 
gestational age at birth, CRP and gestational age at birth, and IL-6 and gestational age at birth? 
Hypotheses: The association between prenatal stress and gestational age at birth would be 
partially mediated by HCC, CRP, and IL-6, but not IL-10; (b) The association between prenatal 
stress and birth weight would be partially mediated by HCC, CRP, IL-6, but not IL-10. (c) The 
association between prenatal stress and birth weight would be partially mediated by HCC, CRP, 
IL-6, and then via gestational age at birth. 
4) Moderation effects: (a) Would fetal sex be a significant moderator of the proposed 
direct and indirect effects described above? (b) Would maternal race be a significant moderator 
of the proposed direct and indirect effects described above? (c) Would trimester of prenatal data 
collection be a significant moderator of the proposed direct and indirect effects described above? 
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Hypotheses: (a) Fetal sex would be a significant moderator of the proposed associations. 
In a low-risk sample, some negative effects of prenatal stress would more likely be observed 
among female fetuses; (b) Maternal race would be a significant moderator of the proposed 
associations. Certain significant direct or indirect paths would more likely to be observed among 
African American pregnant women. (c) Trimester of prenatal data collection would be a 
significant moderator of the proposed associations. Certain significant direct or indirect paths 
would more likely to be observed during a specific gestational stage. Due to the exploratory 
nature of this part of the analysis, more specific hypotheses will not be made about the nature of 
the moderation effects.  
In the next section, I introduce the background of this study; describe the composition of 
the sample, data collection procedure, and instruments; discuss the proposed model and 
analytical plan; and provide the contingency plan I followed when the proposed analysis plan ran 
into issues. 
3.2 Background and Study Population 
The current study investigated the proposed questions by conducting a secondary data 
analysis using data from a prospective longitudinal study, the Brain and Early Experience (BEE) 
Study (NICHD Grant: R01HD091148, PIs: Cathi Propper & Sarah Short.). The overall aim of 
the BEE study is to investigate the effects of growing up in poverty on the structure and function 
of the brain and subsequent social, behavioral, and cognitive development. In this particular 
study, the focus was on the effects of the prenatal experience of stress on birth outcomes, which 
zoomed in on the “fetal programming” effects of prenatal environmental exposure and added on 
to the original aims of the overall study. Due to the fact that the original BEE study was not 
designed to answer the questions proposed in this study, the proposed questions could only be 
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answered within the structure of the existing dataset and had some limitations, which were 
discussed at length later. Recruitment of the BEE study started in late 2018 and ended at the end 
of 2020. Participants were recruited from central North Carolina. Inclusion criteria for 
participating pregnant women include age over 18 years, fluent in English, experiencing 
singleton pregnancy, living within reachable distance, and with no obvious health issues. 
Participants who had a miscarriage were excluded from the current study. The study was 
reviewed and approved by the Institutional Review Boards at the University of North Carolina at 
Chapel Hill (UNC). 
All prenatal visits occurred during the 2nd and 3rd trimesters. 233 pregnant women 
participated in the prenatal data collection and consented to all the data collection procedures 
they participated in. All in-person data collection took place on the campus of the University of 
North Carolina at Chapel Hill. During the prenatal visit, pregnant women were asked to complete 
a series of questionnaires assessing their perceptions of various types of stress, including general 
stress, pregnancy-related stress, and economic stress. Maternal demographic information 
including maternal age, race and ethnicity, and educational attainment, was also collected. In 
addition, biological samples including blood and hair were taken during this visit. However, due 
to the impact of COVID-19, only 182 were able to complete in-person visits where blood 
samples could be collected. Among these participants, 122 provided usable blood samples. Hair 
sample collection was not impacted as much by COVID-19 since pregnant women were 
instructed to self-collect a hair sample at home and mail it to our lab. However, not all pregnant 
women consented to hair sample collection and some women’s hair was too short to be collected 
(23% of white participants did not provide a hair sample, whereas 27% of African American 
participants did not provide a hair sample). In the end, 175 usable hair samples were collected 
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and 95 participants had both blood and hair data. Figure 2 below describes the composition of 
the final data set. 
 
Figure 2. Composition of the study samples 
 
Research assistants followed up with participants and collected birth information from 
medical records and participants’ self-reports around approximately two weeks after babies were 
born. Pregnant women who had their data collected remotely due to the impact of COVID-19 
had their prenatal data collected on average seven weeks later relative to the rest of the 
participants, were more likely to be white, had more years of education, and lower BMI. 
Maternal age, family income level, and the likelihood of having a cesarean-section (c-section) 
delivery did not differ significantly between these women and the rest of the sample.  
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3.3 Instruments  
Prenatal Stress Measures 
General Perceived Stress. General stress was measured using the 10-item version of 
Cohen’s Perceived Stress Scale (PSS; Cohen Kamarck, & Mermelstein, 1983; 1994). This 
questionnaire has been used to measure general perceived stress during pregnancy in the past 
month. It assesses pregnant women’s perceptions, thoughts, and feelings about stressful events, 
as well as controlling, overcoming, and coping with stress and mental pressure. The items 
were rated on a 5-point Likert scale ranging from “0 = Never” to “4 = Very Often”. Overall, this 
10-item scale was found to have high reliability across many populations (Lee, 2012). Studies 
(e.g., Cohen & Williamson, 1988; Roberti, Harrington, & Storch, 2006; Chaaya, Osman, 
Naassan, & Mahfoud, 2010) have mostly suggested there are two factors measured in this scale, 
which corresponds to “negative feelings” (item 1, 2, 3, 6, 9, 10) and “positive feelings” (item 4, 5, 
7, 8). Example questions are “In the past month, how often have you felt unable to control the 
important things in your life?” “In the past month, how often have you felt confident about your 
ability to handle personal problems?” The reliability of PSS in the current study was .88 after 
reverse coding the four positive items. 
Pregnancy-Related Stress. The 10-item pregnancy-related anxiety questionnaire-revised 
2 (PRAQ-R2) (Huiznik et al., 2016) was used to assess pregnancy-related stress in this study. 
PRAQ-R2 rephrased the original item 8 in PRAQ “I am anxious about the delivery because I 
have never experienced one before” designed for nulliparous women to a more general item “I 
am anxious about the delivery” that have been shown to have good reliability and measurement 
invariance across both nulliparous and parous women. The original PRAQ (van den Bergh, 1990) 
consisted of 34 items. Previous factor analyses suggest three aspects of pregnancy-related stress 
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are assessed in PRAQ-R with good or excellent methodological quality (Huiznik et al, 2016; 
Matthey, Fisher, & Rowe, 2013; Westerneng, de Cock, Spelten, Honig, Hutton, 2015), i.e., “Fear 
of giving birth” (item 1, 2, 6), “Fear of bearing a physically or mentally handicapped child” (item, 
4, 9, 10, 11), and “concern about one’s appearance” (item 3, 5, 7). Participants reported on a 0-4 
Likert scale (“0 = definitely not a concern at all” to “4 = definitely a very big concern”). 
Example items include: “I am worried about the pain of contractions and the pain during 
delivery”, “I am afraid the baby will be mentally handicapped or will suffer from brain damage”, 
“I am concern about my unattractive appearance.” The reliability of this scale in the current 
study was .85. 
Financial Stress. Financial stress was assessed using the modified 6-item version 
Economic Strain Questionnaire (Conger & Elder, 1994), which measures the degree to which 
families are able to make ends meet (“can’t make ends meet” index) and the degree to which 
there is enough money in the household for a home, clothing, food, and medical care (“not 
enough money” index). The first two items assess the degree families cannot make ends meet, 
which is reported on a 5-point Likert scale (“0 = great deal of difficulty” to “4 = no difficulty at 
all”). The rest of the four items assess the degree to which families do not have enough money 
for housing, clothing, food, and medical care. These items are on a 4-point Likert scale 
(“0=strongly disagree” to “3 = strongly agree”). Past studies (Conger & Elder, 1994; Conger, 
Conger, Matthews, & Elder, 1999) have reported adequate reliability of this scale and suggested 
that all 6 items could be standardized and summed/averaged to create a global measure of 
economic strain, with higher scores reflecting higher financial stress after reverse-coding all 
items, indicating a one-factor structure. An example question for the “can’s make ends meet” 
index is “How difficult is it for you to pay your family’s bills each month?”. Example questions 
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for the “not enough money” index include “How much do you agree with the following 
statement: My family has enough money to afford the kind of food we need”. The reliability of 
this scale in the current study was .88. 
Biological measures 
Hair Cortisol Concentration (HCC). Hair samples were collected from hair strands 
close to the scalp from the posterior vertex area of pregnant women’s heads, which has been 
shown to have the lowest coefficient of variation (CV). The 3 centimeters of hair (Karlén, 
Ludvigsson, Frostell, Theodorsson, & Faresjö, 2011) closest to the hair roots were analyzed, 
reflecting exposure during the last 3 months since hair grows approximately 1 centimeter per 
month (Sauvé, Koren, Walsh, Tokmakejian, & Van Uum, 2007). Cortisol was measured in 
methanol extracts of hair using a competitive radioimmunoassay following standard procedure in 
the field. HCC levels. Intra-assay and inter-assay coefficients of variations were reported by the 
behavioral immunology and endocrinology laboratory at the University of Colorado Denver, 
which has expertise in processing hair cortisol samples. Intra-assay CV was 1.17%, and inter-
assay CV was 5.12% in this sample. Both values indicate reliable assaying results. 
Inflammatory Markers. Two EDTA tubes were used to conduct antecubital 
venipuncture. Non-fasting plasma samples of pregnant women were collected during their 
scheduled prenatal visits and analyzed for inflammatory markers. Plasma samples were assayed 
for a selected panel of cytokines, including IL-10 and IL-6, in a lab at the University of 
Wisconsin Madison using Meso Scale Discovery (MSD) multiplex kit. CRP was assayed using 
MSD single-plex kit from a lab at the University of North Carolina University at Greensboro. All 
inflammatory markers were measured as continuous variables in pg/mL, whereas CRP was 
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measured in mg/L. Intra-assay CV of CRP was 2.19%, intra-assay CV of IL-6 was 3.66%, and 
intra-assay CV of IL-10 was 3.81%. All of these values indicate reliable assaying results. 
Birth Outcomes 
Among the 233 participants who participated in a prenatal visit, 216 signed HIPAA 
authorization (“Health Insurance Portability and Accountability Act of 1996”, known as 
“HIPAA”) forms during prenatal visits and consented to us accessing their medical records and 
insurance information for research purposes. Birth outcomes operationalized as birth weight (g) 
and gestational age at birth (weeks) were mostly obtained from medical records reported by 
nurses at delivery using routine clinical procedures and standardized scales, which are 
considered to be the most reliable method of obtaining this information. In the cases where 
participants did not provide HIPAA authorization to access their medical records but self-
reported the birth outcomes, this data was used in the analysis to minimize the amount of 
missingness. Since the self-reported birth data was collected only a few weeks after delivery, it is 
considered to be relatively reliable. The result of a correlation analysis of the two sources of birth 
outcomes data also yielded supporting results (rs >.92, ps < .01) 
Missing Data 
Attrition. Thirty-eight participants did not continue with the BEE study after their 
prenatal visits for the following reasons, “participants asked to withdraw from the study (n = 
11)”, “could not get in touch with the participant (n = 6)”, “did not complete subsequent visit 
after childbirth (n = 5)”, and “baby ineligible to continue (n = 16)”. Since birth information was 
collected at their postnatal visit, some birth data such as fetal sex was missing for these 
participants. However, because they have already consented to be in this part of the study 
prenatally and to us accessing their medical record data even if they withdraw. We were able to 
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obtain most of their birth weight and gestational age at birth data from their medical records 
when available and have kept them in the current study. Four participants did not provide any 
data on the variables of interest despite completing their prenatal visit, resulting in an attrition 
rate of 1.7% in the current study. These participants did not differ from the rest of the 
participants who stayed in the study on demographic variables.  
Questionnaire Missing Data Pattern. Questionnaire data on general perceived stress 
was available for 228 out of 233 participants. Questionnaire data on pregnancy-related stress was 
available for 226 participants, and questionnaire data on financial stress was available for 223 
participants. Analyses indicate that participants who had any missing behavioral data tended to 
have a lower family income-to-needs ratio relative to participants who reported at least one type 
of prenatal stress. No other key demographic differences were found between these two groups. 
Birth Data Missing Pattern. Participants who had their prenatal visits remotely or at a 
later gestational age were more likely to not have provided HIPAA authorization. Overall, 213 
cases of birth weight and 227 cases of GA at birth were obtained from medical records (n = 157 
for BW, n = 167 GA at birth) and maternal self-reports (n = 56 for BW, n = 60 for GA at birth). 
Participants who gave birth to females, had a remote prenatal data collection, or had their 
prenatal data collected at a later gestational age were more likely to miss birth weight data. 
Participants who had a remote prenatal data collection were more likely to miss GA at birth data. 
Data on fetal sex (n = 213) was obtained from medical record (n = 165) and maternal self-report 
(n = 48). Participants who had a c-section delivery, a shorter GA at birth, higher HCC, an earlier 
prenatal data collection, or higher pre-pregnancy BMI were more likely to miss information on 
fetal sex. 
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Bio-sample Missing Data Pattern. Overall, 173 hair samples and 122 blood samples 
were available. Participants who had their prenatal visits remotely, at a later gestational age, or 
reported lower income-to-needs ratios were more likely to not have provided a hair sample. 
Participants who had their prenatal visits remotely or at a later gestational age were more likely 
to have missed blood samples. 
Covariates 
The following variables were intended to be included as covariates based on their 
hypothesized influences on the constructs of interest or their relationships with the patterns of 
missing data in this sample: Maternal age, race, educational attainment, weight and height before 
pregnancy used to calculate BMI, and family income-to-needs ratio, which were reported during 
prenatal visits. Whether data was collected remotely was also included as a covariate since it is a 
known predictor of patterns of missing data. Trimester of prenatal data collection was also 
included as both a covariate based on the results of the correlational analysis. Fetal sex and 
cesarean section status were obtained from the same medical records where birth outcomes were 
collected. Information related to substance use behaviors, including smoking and drinking, was 
collected at a 2 weeks postnatal visit reported by moms retrospectively. The actual covariates 
included differed from what was proposed and were determined by the results of my preliminary 
correlational analyses, which are presented later in the result section.  
3.4 Analysis Plan and Proposed Models  
Data Preparation and Preliminary Analysis 
All numeric data was quality-checked to avoid data entry errors. The complete data set 
was cleaned and recoded in RStudio. The four items related to “positive feelings” in the general 
perceived stress questionnaire and all items in the questionnaire measuring financial stress were 
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reverse coded so that a higher score indicates a higher stress level. Maternal age at childbirth and 
educational attainment were analyzed as continuous variables. Family income-to-needs ratio was 
analyzed as a continuous variable and calculated as the total family income divided by the 
corresponding poverty threshold for a family of that size in NC. Values at or greater than one 
reflect families at or above the poverty threshold and values below one reflect families under the 
poverty threshold. Maternal smoking (1 = Have smoked during pregnancy, 0 = Never smoked 
during pregnancy) and drinking (1 = Have drunk during pregnancy, 0 = Never drunk during 
pregnancy) were recoded and analyzed as dichotomized categorical variables. Maternal height 
and weight data were first converted to the International System of Units (SI) and then used to 
compute BMI using the following formula: BMI= height (kg)/weight2 (m2). Gestational age at 
prenatal data collection was recoded into a categorical variable. All values of gestational age that 
were after 13 weeks (including 13 weeks) and before 27 weeks (not including 27 weeks) were 
coded as 0, to represent the 2nd trimester, and all gestational age values that were after 27 weeks, 
including 27 weeks were coded as 1 to represent the 3rd trimester. 
Structural Equation Model  
Structural equation models (SEM) were used to test the hypothesis in this study due to 
their many advantages (Novikova, Richman, Superkar, Barnard-Brak, & Hall, 2013). For 
example, latent variables can be included in the statistical procedures of SEM, which could 
mitigate the negative effects of measurement errors and increase the power of detecting variable 
effects if there are any. In addition, it is possible to examine correlated dependent variables in 
one single SEM model, which is not possible in linear regressions. Moreover, the results of SEM 
models are believed to be robust when dependent variables are skewed (Lobel et al., 1992). Full 
information maximum likelihood estimation (FIML) was used to account for missing data in the 
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sample as it identifies the parameters with the highest probability of producing the sample data 
based on all available data and is considered to be better than traditional listwise deletion 
approaches (Enders, 2010). The proposed complete SEM model is illustrated below (Figure 3)
 
Figure 3. SEM model testing the association between prenatal stress and birth weight mediated by inflammatory biomarkers, 

















Note: CRP: C-Reactive Protein; HCC: Hair cortisol concentration; IL-6: Interleukin-6; IL-10: Interleukin-10; GA at birth: Gestational age at birth. 
Indirect effects hypothesized: Prenatal stress − CRP − GA; Prenatal stress − IL-6 − GA; Prenatal stress − HCC − GA; Prenatal stress − CRP − BW; Prenatal 
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Following the recommendation of Anderson and Gerbing (1988) and Newcomb (1990), a 
step-wise approach was taken to test the proposed SEM model using the complete sample first 
and then tested again without participants who had c-section in RStudio (2021) as a form of 
sensitivity analysis. I examined the measurement model of latent prenatal stress first and then 
moved on to test the full structural model. Due to the impact of the COVID-19 pandemic, we 
were not able to collect all bio-samples from our participants (only 96 participants provided both 
hair and blood samples). However, we were able to obtain self-reported perceived stress from 
almost all participants (229 participants filled out at least one of the three prenatal stress 
questionnaires). Thus, taking a step-wise approach also could maximize power when testing the 
measurement model.  
To answer the measurement question, three observed variables assessing pregnancy-
related stress, financial stress, and general stress were first computed based on the factor score 
results of Confirmatory Factor Analysis (CFAs)3. A latent construct of prenatal stress was tested 
with these three generated observed variables (see Figure 4 below). Latent variables are helpful 
in separating the common component of interest, prenatal stress, from the measurement errors 
contained in each individual measurement (Newcomb, 1990). Although previous studies have 
used latent prenatal stress variables (e.g., Lobel, Dunkel-Schetter, & Scrimshaw, 1992), no one 
has examined the factor structure using the three perceived stress scales assessed in this study. 
Therefore, I first examined the proposed latent prenatal stress variable using Exploratory Factor 
Analysis (EFA) using a randomly selected sample that is half the size of the complete sample. To 
identify and confirm the latent variable of prenatal stress I planned to use the following two-step 
procedure: First, if Cronbach’s  > .90 (Cronbach, 1951) and all three standardized factor 
 
3 The measurement model of prenatal stress was not tested as second-order EFA and CFA models due to the powers 
being too small for such analyses in the current sample. See details in the section of power analysis. 
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loadings are above .30 (Kline, 2002), I would continue validating the measurement model using 
CFA with the remainder of the sample; if the factor loadings remain statistically significant in 
the CFA results, the latent construct of prenatal stress would be confirmed. 
All factor analyses were conducted in RStudio. The goodness of fit of the models was 
evaluated based on the following fit indices: the conventional Chi-square test (2), Comparative 
fit index (CFI), Tucker-Lewis index (TLI), Root Mean Square Error of Approximation 
(RMSEA), and Standardized Root Mean Square Residual (SRMR) (Bentler, 1992; Steiger & 
Linkd, 1980). A reasonable fit was assumed when overall model fit results are acceptable, such 
as 2 test yields a non-significant result, and/or when CFI and TLI are > .90, RMSEA is <. 08 
(Bentler, 1990), and SRMR < .08 (Hu & Bentler, 1999). Because the chi-square statistic is 
sensitive to sample size thus if overall the results of the rest of the fit indices are favorable, a 
significant chi-square result would not be considered to impact the conclusion of a good model 
fit. Meanwhile, when the chi-square statistic is adequate, then poor approximate fit indices would 
not triumph the suggestion by absolute model fit index. 
Figure 4. Measurement model of prenatal stress 
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After testing the measurement model, the full structural model (Figure 3) would be 
examined to answer questions 2 and 3, the direct and indirect effects. Each path in the model 
corresponded to a hypothesis proposed in the previous section. When a path was left out in the 
model, it indicated that no relationship is expected between the two variables. Variances of CRP, 
IL-6, and IL-10, and HCC were assumed to covary with one another, which are not shown in the 
model. Covariates were included based on their associations with endogenous variables. The 
same model fit indices were used to test the full structural SEM model.   
Multiple-Group SEM Analysis 
After conducting SEM of the proposed model using the overall sample, multiple-group 
SEM analyses would be performed in RStudio (2021) to examine whether fetal sex, maternal 
race, and trimester at prenatal data collection were significant moderators of the proposed model, 
i.e., whether the structure of the factors, all the paths and the strengths of the paths in the 
proposed model are invariant between groups.  
I would start with testing the measurement invariance of the measurement model between 
groups if the measurement model was found to be valid from the above analysis. A full 
invariance assumption model would be tested to see when every parameter was constrained to be 
the same whether the fit of the multiple group measurement model was significantly worse than 
the pooled model based on the result of fit indices (2, CFI, TLI, RMSEA, SRMR). If fit indices 
suggested that full invariance could be supported, then the expected moderation effects did not 
exist. If fit indices suggested that full invariance did exist, then I will start from the least 
restrictive model and move on to test more restrictive models as allowed by the data. Following 
the procedures suggested in the literature (Steenkamp & Baumgartner, 1998; Mullen, 1995), 
configural invariance (equal factor structure), weak factorial invariance (equal factor loading), 
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and strong factorial invariance (equal item intercepts)4 would be evaluated in order only when 
the previous invariance assumption could be established based on model fit indices and chi-
square difference test. A chi-square difference (2) test would be performed for each more 
restrictive model tested for model comparison since the latter invariance assumption tested is 
nested in previous ones. A significant 2 difference test result indicates the current model is 
significantly worse than the previous model and the previous model should be taken.  
When an invariance assumption could not be confirmed, modification indices would be 
examined to explore how the model could be improved. For example, if strong factorial 
invariance could not be confirmed, partial strong factorial invariance would be tested by 
exploring modification indices first and determining how the models could be revised by adding 
or removing parameters. When model fit after model revision based on suggestions from 
modification indices turned adequate, 2difference (2) test would be performed again to 
compare if this final model was significantly better than the more restrictive model tested before 
and not significantly worse than the closest less restrictive model tested before. 
After evaluating measurement invariance and confirming at least weak factorial 
invariance exists, structural invariance would be tested for multiple groups. The fit of the original 
freely-estimated model would be examined in each multiple-group analysis. The fit of the 
constrained model would be tested afterward, where all raw coefficients of the paths as depicted 
in Figure 3 would be constrained to be equal between the two groups. Model fit indices would be 
used to assess the fit of the freely-estimated model and because MLR was used as the estimator, 
Satorra-Bentler scaled chi-square (2) difference test would be used for model comparison. A 
 
4 Strict invariance (equal residual variances) is not required to interpret differences in factor means, variances, or 
covariances. Thus, it was not proposed to be tested. 
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significant 2 difference test result indicated the constrained model was significantly worse than 
the previous model and thus group moderation exists.  
3.5 Power Analysis 
Power analyses were conducted using Monte Carlo simulation (Muthén & Muthén, 2002) 
in Mplus 8.4 (Muthén & Muthén, 2017) for my primary research questions. Monte Carlo 
simulation requires a priori parameter assumptions, which were determined based on the 
reviewed literature. In terms of the strength of effect sizes, Absolute values of Cohen’s ds that 
are equal or under 0.2 are considered to be small, those between 0.2 to 0.8 are considered 
medium, and effect sizes are considered large when above .8 (Sawilowsky, 2009). Originally, 
Absolute values of Pearson’s r around .10, .30, and .50 were considered small, medium, and 
large (Cohen, 1988). But according to a recent meta-analysis, Gignac and Szodorai (2016) 
suggested that r around the value of .10, .20, and .30 could be viewed as relatively small, typical, 
and relatively large in the context of power analysis and interpretation of statistical results.  
According to these qualitative standards, the effect sizes of prenatal stress on birth 
outcomes were small to medium (0.14 < ds < 0.25, Bussières et al., 2015). The effect sizes of 
prenatal stress on cytokines IL-6, IL-10, and CRP were medium to large (IL-6: r = .35, p5 < .05; 
IL-10: r = .52, p < .01; CRP: = .26, p < .05 in 2nd trimester; Coussons-Read et al., 2005; 2007). 
The effect sizes of cytokines IL-6, IL-10, and CRP on birth outcomes were small to large (IL-6: 
 = 0.23, p < .01; IL-10: r = -.23, p = 0.023; CRP: Odds Ratio = 2.156, 95% CI [0.85, 5.42]; 
Apuzzio et al., 2004; Coussons-Read et al., 2012; Lohsoonthorn, Qiu, & Williams, 2007). The 
 
5 Exact p values could not be reported for all studies due to these not being reported in the original studies.  
6 It was shown that an odds ratio can be converted to effect size by dividing by 1.81 (Chinn, 2000). 
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effect sizes of prenatal stress on HCC were medium to large (r = .47, 95% CI [0.07, 0.74], p 
< .05; Kalra, Einarson, Karaskov, Van Uum, & Koren, 2007; r = .20, p < .05 in Schreier et al., 
2016; and  = -.23, p <.05; Musana et al., 2019). The effect size of HCC on birth outcomes 
among low-risk population were assumed to be small based on literature from the effects of 
cortisol measured in bodily fluids on birth outcomes (= .10, p < .001; Stewart et al., 2015). And 
the effect size of GA at birth on birthweight was medium ( = .55, p <.05; Lobel et al., 1992). 
Parameter assumptions used in Monte Carlo simulation were determined based on the above 
effect sizes seen in the literature and are reported in Tables 14-16 in Appendix 4. 
Regarding the measurement model, results from a second-order CFA of latent prenatal 
stress model using all 26 stress questionnaire items indicted inadequate powers (s around .30) 
to detect the second-order latent prenatal stress variable (see Table 14 in Appendix 4). However, 
powers for the first-order CFA of latent prenatal stress using factor scores of the three types of 
stress and half the sample were all above .80, suggesting adequate power (see Table 15 in 
Appendix 4). Thus, a first-order CFA of prenatal stress using factor scores of financial stress, 
pregnancy-related stress, and general stress was used in this study. Regarding the structural SEM 
model including the first-order measurement model of prenatal stress, nine study controls and 
missingness assumptions (MAR, missingness is dependent on some other observed variable 
rather than any unobserved one. In this case, it is often referred to as ignorable once the cause of 
missingness is taken into account ) based on the situation of the current sample, results suggest 
overall adequate power with the power of the effect of gestational age at birth on HCC on the 
slightly lower end of .68 (see Table 16 in Appendix 4).  
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3.6 Contingency Plans  
A contingency plan was a priori established in case the proposed analysis plan did not 
work as expected and was enacted in the current study. Specifically, according to the plan, if the 
EFA or CFA results did not support the existence of the latent variable prenatal stress, financial 
stress would be used as the sole prenatal stress variable. Since this study was most interested in 
the effects of chronic psychosocial stress on birth outcomes, and financial stress is the only 
questionnaire that was not phrased in a time-bound manner and not confined within the period of 
pregnancy. In this case, multiple group SEM analysis would turn into a multiple group path 
analysis. In addition, because the current study was not initially designed to examine birth 
outcomes, prenatal stress and biomarkers were measured at various stages across pregnancy. If 
results from the preliminary correlational analysis suggested that some moderation effects of 
trimester of prenatal data collection existed, it would be included as an additional moderator in 
the analysis and examined using multiple-group SEM with no specific hypotheses made.   
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CHAPTER 4 RESULTS 
4.1 Preliminary Results 
Sample Description. Among the 229 participants in the final data set, slightly over half 
of the participants were white (58%, n = 132) and 34% were African Americans (n = 77). 8% (n 
= 20) of the participants reported other races. The mean participant age reported during their 
prenatal visit was 30.61 years (SD = 5.42). The highest education level obtained ranged from less 
than a high school education to professional degrees such as MBAs or PhDs, with 45% of the 
participants having less than a college degree and 35% of the participants’ highest degree being a 
high school degree. 13.5% of the participants reported an annual family income-to-needs ratio 
below 1.00, the poverty line. The mean family income-to-needs ratio was 3.50 (SD = 2.68). 
Maternal BMI before pregnancy ranged from 16.13 to 54.07. Mean maternal BMI before 
pregnancy was 27.69 (SD = 7.32). 22% of the participants (n = 51) did not report their smoking 
or drinking behaviors during pregnancy. Among those who reported, 7% of the participants (n = 
13) reported that they had smoked during pregnancy and 20% of the participants (n = 35) 
reported that they had drunk during pregnancy. Regarding birth data, 19% of the participants 
delivered via cesarean sections (n = 44). 3.5% of participants (n = 8) delivered prematurely and 
2.8% (n = 6) of babies were born with LBW. 52% of the participants (n = 110) delivered females 
and 48% (n = 102) delivered males. The average length of gestational age was 39.20 weeks, and 
the average birth weight was 3389.06 g. See Table 1 in Appendix 2 for a detailed summary of 
sample characteristics.  
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CFA Of the Three Prenatal Stress Scales. Shapiro-Wilk multivariate normality test 
(Villasenor Alva & Estrada, 2009) suggested that the six items in the financial stress 
questionnaire, the ten items in the pregnancy-related stress questionnaire, and the ten items in the 
general stress questionnaires were not multivariate normal. Therefore, MLR (Robust Maximum 
Likelihood) rather than ML (Maximum Likelihood) was used as the estimator in the CFA as it 
was found to produce less biased parameter estimates in a small non-normally distributed sample 
as is in the current study (Yilmaz, 2019). Results from first-order CFAs suggested acceptable 
model fit for a one-factor model for financial stress with correlated residual variances between 
item 1 (“How difficult is it for you to pay your family’s bills each month”) and item 2 
(“Generally at the end of each month do you end up with enough money to make ends meet?) as 
well as item 4 (“We have enough money to afford the kind of clothing we need”) and item 5 
(“We have enough money to afford the kind of food we need”) (2(7, n = 228)= 9.00, p = .25, 
CFI = 1.00, TLI = .99, RMSEA = .04, SRMR = .02), the results from second-order CFAs of 
pregnancy-related stress (2(32, N = 229)= 58.82, p = .003, CFI = .96, TLI = .95, RMSEA = .06, 
SRMR = .04) and general stress (2 (33, N = 229) = 66.66, p < .001, CFI = .96, TLI = .94, 
RMSEA = .07, SRMR = .04) also indicate good fit. Factor scores of financial stress, pregnancy-
related stress, and general stress were extracted and saved for later EFA analysis (see Figure 7-9 
in Appendix 1).   
Descriptive & Correlational Analysis. HCC values that were 3SD above the mean were 
treated as outliers and removed as proposed. The ranges of values of IL-6, IL-10, and CRP were 
considered to be reasonable based on what previous research had reported (e.g., Ragsdale et al., 
2019), thus no outliers were removed. As all inflammatory biomarkers had a highly positively 
skewed distribution, these variables were natural log (ln) transformed to approximately a normal 
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distribution and used in correlational and subsequent analyses. After log-transformation, only 
CRP turned into a normal distribution (p = .06). The distribution of IL-6 (p = .03), HCC (p 
< .001), and IL-10 (p < .001) were still not normally distributed. Thus, MLR and robust standard 
errors were used in subsequent path analyses as they were less impacted by the effects of non-
normality. Non-transformed values are reported in the descriptive table to ease interpretation. 
Table 2 in Appendix 2 shows descriptive characteristics of inflammatory biomarkers and CFA-
generated prenatal stress variables. The correlation matrices for these variables are shown in 
Table 3 in Appendix 2.  
Correlation analyses were conducted again grouped by the two proposed moderators, 
fetal sex and maternal race (see Table 4 and Table 5 in Appendix 2). Table 4 shows that financial 
stress was only significantly associated with GA at birth among male offspring but not among 
females. IL-10 had a marginally significant correlation with birth weight and GA at birth among 
female offspring only. HCC had a marginally negative correlation with IL-10 among male 
offspring only. Pregnancy-related stress was correlated with CRP only among female offspring. 
CRP and IL-6 were only significantly correlated among male offspring. Table 5 shows that 
financial stress and HCC were significantly correlated with GA at birth only among the non-
African American sample. IL-10 was significantly correlated with CRP only among the non-
African American sample. General stress was significantly correlated with IL-10 only among the 
African American sample. The group distinctive patterns shown in these results supported 
further exploration of these proposed moderation effects. 
Gestational age at birth had a large degree correlation with birth weight (r (211) = .57, p 
< .001). Financial stress (r (223) = .42, p < .001). and pregnancy-related stress (r (224) = .41, p 
< .001) were both significantly correlated with general stress. However, financial stress and 
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pregnancy-related stress were not significantly correlated (p = .08). None of the three prenatal 
stress variables were significantly correlated with either birth weight or gestational age at birth, 
nor were they significantly correlated with any of the biomarkers. In terms of the correlation 
between biomarkers and birth outcomes. As expected, IL-6 had a positive correlation with CRP 
(r (120) = .36, p < .001). IL-10 had a negative correlation with birth weight (r (114) = -.21, p 
= .04) (Gignac & Szodorai, 2016). Neither IL-6, CRP, nor HCC were significantly correlated 
with either birth weight or gestational age at birth.  
Regarding the association between control variables and birth outcomes, fetal sex was 
found to be positively correlated with birth weight (r (211) = .14, p = .04), indicating male 
fetuses were likely to be born with higher birth weight. Maternal BMI had a negative correlation 
with gestational age at birth (r (223) = -.18, p = .02), indicating mothers with higher BMI scores 
tend to have a shorter pregnancy. The dichotomized variable showing whether participants’ data 
that were collected remotely was negatively correlated with birth weight, indicating participants 
who delivered after COVID-19 quarantine had infants with lower birth weight (r (211) = -.15, p 
= .05). Maternal drinking behavior during pregnancy was found to be associated with longer 
gestational age at birth (r (176) = .16, p = .04). Maternal age, race, educational attainment, 
smoking behaviors, family income-to-needs ratio, and c-section were not found to be 
significantly correlated with either birth weight or gestational age at birth.  
In terms of the correlation between control variables and biomarkers, maternal drinking 
during pregnancy, BMI was found to be significantly and positively correlated with IL-6 and IL-
10, BMI was also positively correlated with CRP. C-section and trimester of prenatal data 
collection were found to be positively correlated with HCC. All the rest of the control variables 
were not found to be significantly correlated with any biomarkers. Based on the results of 
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correlation analysis, maternal BMI, drinking during pregnancy, cesarean delivery, fetal sex, 
remote data collection, and trimester of prenatal data collection were included as controls in 
subsequent path analysis. Maternal age, race, educational attainment, family income-to-needs 
ratio, and smoking behaviors were not be included as controls.  
Trimester of Prenatal Data Collection as a Moderator. As shown in Table 6 in 
Appendix 2, pregnancy-related stress was only significantly correlated with CRP during the 3rd 
trimester. General stress was only significantly correlated with IL-10 during the 2nd trimester. 
CRP was only significantly correlated with birth weight during the 3rd trimester. IL-6 and CRP 
were only significantly correlated during the 2nd trimester. Since the pattern of correlation results 
of key variables varied between participants whose prenatal data were collected during the 2nd 
trimester and whose data was collected during the 3rd trimester. Trimester at prenatal data 
collection was added as an additional moderator to be explored in this study. 
Mean Differences Between Groups Mothers who self-reported as mixed-race were 
recategorized into African American and non-African American. This maternal race variable, 
together with fetal sex and trimester at which prenatal data was collected, were used as grouping 
variables to conduct one-way ANOVAs. In terms of group differences on key variables of 
interest, the result from one-way ANOVA by feta sex showed birth weight significantly differed 
between female and male offspring (F (1, 212) = 4.46, p = .036). Boys have significantly higher 
average birth weight than girls. There were no significant differences in any of the key variables 
between African American and non-African American offspring. One-way ANOVA by trimester 
of data collection showed HCC differed significantly between the two groups. As expected, the 
HCC levels of women whose hair samples were collected during the 3rd trimester were on 
average larger than those of women whose samples were collected during the 2nd trimester. 
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4.2 Aim 1: Measurement Question Regarding Latent Prenatal Stress 
EFA of Latent Prenatal Stress. Using a randomly selected sample that is half the size of 
the total sample, I first conducted a first-order EFA using the three CFA-generated factor scores 
of financial stress, pregnancy-related stress, and general stress. Since only one latent factor was 
assumed, no factor rotation method was used. Results showed that all factor loadings were 
above .30: general perceived stress (1.00). financial stress (.47) and pregnancy-related stress 
(.39), suggesting a latent factor might exist. Cronbach’s  was .58 for these three variables, 
which is below a prior set threshold of over .90. Results from follow-up CFA using the 
remaining sample suggested such a latent variable did not exist as the factor loading of latent 
prenatal stress on financial stress was .26, which is below .30, and p = .08, which is non-
significant. Based on the overall results of Cronbach’s , EFA, and CFA analysis, I concluded 
that a latent construct of prenatal stress did not exist in the current sample. The a priori 
contingency plan of using financial stress as the single predictor of birth outcomes was enacted7.  
4.3 Aim 2 & Aim 3: Direct and Indirect Effects 
Path Analysis with Complete Sample. Since previous analysis suggested a latent 
construct of prenatal stress did not exist, according to a prior contingency plan, financial stress 
was used in the path analysis to investigate the rest of the research questions using Mplus (see 
Figure 5). BMI and all other continuous predictors were standardized first to ease result 
interpretation. Categorical control variables were not standardized. MLR estimator was used to 
address the issue of non-normal distribution of variables, heteroskedasticity, and missingness in 
the dataset. Based on the results of correlational analysis, some of the covariances between 
control variables and dependent variables were constrained to be zero to avoid having a saturated 
 
7 A follow-up EFA was conducted to further explore the factor structure using the factor scores generated from first-
order CFAs. (See Appendix 3). 
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model so that further multiple group path analysis comparison could be carried on. Mplus uses 
the Sobel test to calculate indirect effects and the Delta method to calculate standard errors of the 
indirect effects. The estimates of the Sobel test obtained using MLR were shown by simulation 
studies to be identical to those obtained with the bootstrapping procedure (Muthén & Muthén, 
1998-2006). 
Results from chosen model fit indices showed 2 (25, N = 229) =30.72, p =.20; RMSEA 
= 0.03, 90%CI [0.00, 0.07]; CFI = .96, TLI = .91; SRMR = .04. Thus, overall, the proposed 
model fit the data well and was retained for subsequent moderation analyses. Table 7 in 
Appendix 2 reported the results of path coefficients and R2. In terms of significant direct effects 
of interest, gestational age at birth was positively associated with birth weight ( = .51, p < .001). 
Financial stress was negatively associated with CRP ( = -.21, p = .042) and positively 
associated with HCC ( = .19, p = .003). The negative association between IL-10 and birth 
weight ( = -.13, p = .054), the positive association between financial stress and birth weight ( 
= .11, p = .067), and the positive association between financial stress and IL-10 ( = .15, p 
= .057) were all significant at a marginal level. None of the indirect effects proposed were 
significant as shown in Table 8 in Appendix 2.  
 














Note: CRP: C-Reactive Protein; HCC: Hair cortisol concentration; IL-6: Interleukin-6; IL-10: Interleukin-10; GA at birth: Gestational age at birth. 
Indirect effects hypothesized: Prenatal stress − CRP − GA; Prenatal stress − IL-6 − GA; Prenatal stress − HCC − GA; Prenatal stress − CRP − BW; Prenatal 





Figure 6.  Path model based on analysis results.  
 
Note: CRP: C-Reactive Protein; HCC: Hair cortisol concentration; IL-6: Interleukin-6; IL-10: Interleukin-10; GA at birth: Gestational age at birth. Significant 
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4.4 Aim 4: Exploratory Moderation Analyses 
Moderation Effects by Fetal Sex.  The proposed model was tested using fetal sex 
(0=female, 1=male) as the grouping variable to examine potential fetal sex moderation effects. 
Model fit results were 2 (40, n = 213) = 59.01, p = .03; RMSEA = 0.07, 90%CI [0.02, 0.10]; 
CFI = .86, TLI = .64, SRMR = .07. The chi-square test is influenced by sample size. CFI and 
TLI depend on the average size of the correlations in the data. When the average correlation 
between variables is not high, CFI and TLI are likely to be lower (Kenny, 2020). Thus, overall, 
the proposed model was considered to be approximately well-fitting. Results from the 
constrained model (all raw coefficients proposed in the model were constrained to be equal 
except means, intercepts, variances and residual variances) were 2 (76, n = 213) =94.94, p = .07; 
RMSEA = 0.05, 90%CI [0.00, 0.08]; CFI = .86, TLI = .81, SRMR = .10. Because MLR was 
used as the estimator, Satorra-Bentler scaled chi-square difference test was used for model 
comparison, which returned 2 (36, n = 213) = 35.52, p = .49. When results from exact model 
fit indices, such as the chi-square test, suggest good model fit, a less than ideal approximate fit 
result does not triumph the exact fit result. (Asparouhov & Muthén, 2018). Therefore, the overall 
result suggested that the constrained model was not significantly worse than the original model, 
and as such, there was no evidence to support moderation by fetal sex. Results from the more 
parsimonious constrained model were reported in Table 9 in Appendix 2. None of the indirect 
effects were significant so they were not included in the table. 
Because some of the direct effects (such as the association between IL-10 and birth 
weight) from this analysis showed different patterns of significance than what was found in the 
results using the complete sample. The original model was run again excluding the 16 
participants whose fetal sex data were missing as a sensitivity analysis to see whether the 
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inclusion of these participants might have led to the differences in the results here. The results 
from the adjusted sample (shown in Table 12 in Appendix 2) were consistent with my hypothesis. 
The proposed model fits the data very well in this sample. 2 (31, n = 213) = 35.74, p = .26; 
RMSEA = 0.03, 90%CI [0.00, 0.06]; CFI = 0.96, TLI = 0.94, SRMR = .05. After removing the 
16 participants whose fetal sex data were missing, the path coefficient results changed from what 
was found before using the complete sample but showed consistent patterns with what was found 
in the multiple-group model by fetal sex.  
Moderation Effects by Maternal Race.  The proposed model was tested using maternal 
race (0=non-African American, 1=African American) as the grouping variable to explore 
potential moderation effects of maternal race. Fit indices returned were 2 (50, N = 229) = 90.52, 
p < .001; RMSEA = 0.08, 90%CI [0.06, 0.11]; CFI = .77, TLI = .48, SRMR = .07. Overall, this 
model was approximately well-fitting since again the chi-square test is influenced by sample size 
and CFI and TLI depend on the average size of the correlations in the data. When the average 
correlation between variables is not high, which is the case in this sample, CFI and TLI are likely 
to be lower. Fit results from the constrained model (all raw coefficients proposed in the model 
were constrained to be equal except means, intercepts, variances and residual variances) were 2 
(82, N = 229) = 108.14, p = .03; RMSEA = 0.05, 90%CI [0.02, 0.08]; CFI = .86, TLI = .80, 
SRMR = .08. Satorra-Bentler scaled chi-square difference test showed 2 (32, N = 229) = 22.60, 
p = .89. Therefore, the result suggested that the constrained model was not significantly worse 
than the original model and approximately fit the data. As such, there was no evidence to support 
moderation by race. Table 10 in Appendix 2 shows the path coefficients and R2 for African 
American and non-African American participants based on the constrained model. None of the 
indirect effects was significant so they were not included in the table. 
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Moderation Effects by Trimester of Prenatal Data Collection.  The proposed model 
was tested using trimester of prenatal data collection (0 = 2nd trimester, 1 = 3rd trimester) as the 
grouping variable to examine for potential moderation effects. The model fit results show that 
the proposed model fits the data very well. 2 (40, N = 229) = 48.00, p = .18; RMSEA = 0.06, 
90%CI [0.00, 0.08]; CFI = .95, TLI = .87, SRMR = .07. Model fit from the constrained model 
(all raw coefficients proposed in the model were constrained to be equal except means, intercepts, 
variances and residual variances) were 2 (76, N = 229) = 94.21, p = .08; RMSEA = 0.05, 
90%CI [0.00, 0.07]; CFI = .89, TLI = .85, SRMR = .12. Satorra-Bentler scaled chi-square 
difference test showed 2 (36, N = 229) = 46.23, p = .12. When the chi-square test of fit does 
not reject the model but the SRMR value is larger than 0.08, it shows that the information in this 
sample is not sufficient to reject the null model even though it appears that the constrained model 
and the unrestricted model are not very close. However, as discussed before, when results from 
exact model fit indices, such as the chi-square test, suggests good model fit, a less than ideal 
approximate fit result does not triumph the exact fit result. (Asparouhov & Muthén, 2018). 
Therefore, the result suggested that the constrained model was well-fitting and not significantly 
worse than the original model. As such, there was no evidence for moderation by trimester of 
prenatal data collection. Table 11 in Appendix 2 shows the path coefficients and R2 for 
participants whose prenatal data was collected during the 2nd vs. the 3rd trimester based on the 
constrained model. None of the indirect effects were significant so they were not shown in the 
table. 
Sensitivity Analysis on C-Section. The proposed model was run again after excluding 
participants who had a c-section as a means of sensitivity analysis. The fit results were perfect. 
2 (21, n = 185) =17.29, p = .69; RMSEA = 0.00, 90% CI [0.00, 0.05]; CFI = 1.00, TLI = 1.08, 
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SRMR = .05. However, in this model, financial stress was no longer significantly associated with 
CRP and many marginally significant associations between biomarkers and birth weight 
disappear. 
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CHAPTER 5 DISCUSSION 
5.1 Discussion of Study Findings 
Using a racially diverse community sample of pregnant women, I examined two primary 
questions and two exploratory questions regarding the effects of prenatal stress on birth 
outcomes, potential underlying physiological mechanisms, and moderation effects of fetal sex, 
maternal race, and trimester of prenatal data collection. Contrary to my first hypothesis, the 
results from factor analysis suggested that a latent prenatal stress variable could not be derived 
based on the three chosen measures of subjective prenatal stress: financial stress, pregnancy-
related stress, and general stress. In fact, these results together with the results from additional 
exploratory EFA (Appendix 3) suggested that it makes more sense to separately examine these 
three types of prenatal stress in relation to outcomes of interest. Although general stress seems to 
overlap to a certain degree with financial stress, the underlying latent variable was heavily 
influenced by general stress and had very little to do with financial stress. Meanwhile, financial 
stress and pregnancy-related stress loaded on two different latent variables indicating they share 
little in common conceptually and are best examined individually in future research.  
There have been a plethora of ways to operationalize and analyze stress in pregnancy 
research which has created inconsistencies and difficulties in the interpretation of the findings. 
Some previous studies that have successfully identified latent prenatal stress composites (such as 
Lobel et al., 1992 and Zambrana et al., 1999) often have included a measure of general perceived 
stress, similar to this study. However, instead of using a direct measure of financial stress, 
Zambrana and colleagues (1999) used an objective life event measure that included some aspects 
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of financial events such as loss of home or being robbed as well as a subjective measure for 
emotional distress associated with these life events. Instead of pregnancy-related stress, Lobel 
and colleagues (1992) used a measure of state anxiety. By comparison, the current study used 
different stress measures to create the latent composite (as informed by Lazarus and Folkman’s 
theory of stress and coping), thus, it is not surprising the result was different. According to 
Lazarus and Folkman’s transactional theory of stress (1984), appraisal of the exposure to stress 
stimuli is a crucial part of the definition of stress as it is the perception rather than the event itself 
that drives how an individual would react to and cope with the situation. Although the results 
from the current study did not support the existence of a latent prenatal stress construct, future 
research could continue to explore whether other types of appraisal stress measures could 
generate a robust and reliable latent prenatal stress composite variable that can be used in 
predicting birth outcomes. 
My second primary research question primarily aimed to extend the literature on the 
“DOHaD hypothesis” (Gluckman & Hanson, 2004; Hanson, Godfrey, Lillycrop, Burdge & 
Gluckman, 2011) by assessing whether psychosocial prenatal stress influences subsequent 
offspring’s physiological development indicated by birth outcomes among low-risk pregnant 
populations. Since a latent prenatal stress composite was not established in the first step, 
financial stress, the only measure among the three chosen measures that was not bounded by a 
certain time period in terms of how questions were phrased, was chosen as an index of chronic 
perceived stress. Contrary to my hypothesis, financial stress was not found to be associated with 
gestational age at birth and its association with birth weight was only marginally significant. 
There are several ways to interpret the discrepancies found here. 
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First, some of the measures used in previous studies assessed the presence or absence of 
objective economic loss such as loss of a job, being robbed, could not pay bills, etc. (e.g., Lobel 
et al., 1992; Nkansah-Amandkra, et al., 2009). Whereas the measure in the current study tapped 
into the detailed subjective appraisal of a family’s financial situation from housing, food, 
clothing to medical care. Therefore, one interpretation is that objective reports of stressful 
financial life events might be a better predictor of birth outcomes than subjective financial stress 
measures when the sample consists of a substantial African American population, which has 
been evidenced in some studies (e.g., Livingston et al., 2003; Leff et al., 1992; Paul et al., 2008). 
The current sample consists of a substantial percentage of African American participants (36%). 
Differences in how objective stress exposure translate into subjective reporting of perception of 
stress between white and African American participants might account for the insignificant 
finding here. Since a latent prenatal stress measure was not established in the first step of the 
analysis, I was not able to further examine the measurement equivalence of prenatal stress 
between the two racial groups. Future studies should continue to investigate whether a latent 
subjective stress measure exists as well as whether it is equivalent between white and African 
American samples. This line of work has important implications on how to best operationalize 
stress among racially diverse samples. 
Secondly, existing literature has largely been devoted to examining the etiologies of 
clinically-defined adverse birth outcomes such as LBW or PTB, which prompted the current 
study to focus on birth outcomes in a low-risk community sample. The current study focused on 
mothers who primarily had a normal length pregnancy and delivered infants of normal birth 
weight. 13.5% of the mothers in the current sample reported living below the poverty line, which 
is representative of the poverty demographic in the state of NC (13.6%) in 2019 but is not a high-
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risk sample where poverty is oversampled. Whereas, several studies have found that the 
significant associations between stress and birth outcomes were only found among the 
population who reported the highest quartile of stress (e.g., Messer et al., 2005; Nordentoft et al., 
1996). Thus, the low-risk nature and lower levels of financial stress reported in the current 
sample might partially account for the unexpected finding here. This result indirectly supported 
previous findings and suggested that the significant associations between financial stress and 
birth outcomes might only manifest when stress levels reach past a certain threshold. One 
possible interpretation is that among low-risk community populations, prenatal stress might be 
unrelated to birth outcomes. Future studies could try to test the proposed model again using a 
high-risk sample where poverty is over-sampled so that the range and variability of prenatal 
stress and birth outcomes could both be bigger. 
The marginally significant positive association between financial stress and birth weight 
might indicate there likely were other unexamined indirect paths, potentially behavioral 
pathways, linking financial stress to birth weight in a way that contradicts the negative 
association that was hypothesized. In the current sample, 19 babies’ birth weights were over 
4,000 grams, which is the diagnostic threshold for “fetal macrosomia”, describing infants whose 
birth weights are significantly higher than average. Some known contributors to fetal 
macrosomia are gestational diabetes and excessive weight gain during pregnancy (Ornoy, 2011). 
Meanwhile, stress has been shown to increase the risk of excessive weight gain during pregnancy 
(Laraia, Epel, & Siega-Riz., 2013). Therefore, the positive association found in this study might 
be reflecting a multifinal process where prenatal stress negatively impacts offspring birth weight 
such that high levels of prenatal stress could lead to both low birth weight and high birth weight 
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via distinctive pathways, both of which are associated with deleterious subsequent 
developmental outcomes. 
 Another possible angle to interpret this association is that the association between 
financial stress and birth weight is non-linear. At low levels, increases in prenatal stress might be 
related to heavier birth weight but once passes a certain threshold, increases in prenatal stress 
would start to be related to lower birth weight. If so, this phenomenon would reflect the fact that 
a moderate level of stress is essential and beneficial for fetal development during pregnancy and 
suggest that the underlying pathways via which prenatal stress negatively impacts birth outcomes 
only kick in once the level of stress exceeds a threshold. However, several studies have argued 
that pregnancy-related stress predicted gestational age at birth in a seemingly linear fashion (Rini, 
Dunkel-Schetter, Wadha, Sandman, 1999; Dunkel-Schetter, 2011; Wadhwa, Sandman, Porto, 
Dunkel-Schetter, & Garite, 1993). Thus, considering this association was only marginally 
significant, caution needs to be applied in this interpretation and more studies of larger cohorts 
and wider ranges of prenatal stress are needed to test for the non-linear relationship hypothesis. 
In addition, there might be some unexamined moderators that have led to the non-
significant association between prenatal stress and birth outcomes. For instance, one study 
(Nkansah-Amandkra et al., 2009) showed that mothers living in more advantaged census tracts 
had a lower risk of having poor birth outcomes due to financial stress compared with mothers 
living in predominantly African-American census tracts, indicating a moderating role of 
neighborhood composition. Additionally, instrumental and social support might be another 
important moderator to consider. Studies (e.g., Collins, Dunkel-Schetter, Lobel, & Scrimshaw, 
1993; Feldman, Dunkel-Schetter, Sandman, Wadhwa, 2000) have shown that mothers who 
received adequate social and instrumental support from their families had babies with larger birth 
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weight. Due to the focus and the scope of the current study, these variables were not included in 
the analyses but should be examined in future. 
Although various types of prenatal stress have been associated with birth outcomes, 
evidence of the association between financial stress and birth outcomes has been somewhat 
inconclusive. Some studies reported that financial stress was a significant predictor of LBW and 
to a certain extent PTB (e.g., Feinberg et al., 2016; Nkansah-Amandkra, et al., 2009). But more 
commonly other types of prenatal stress have been studied. General perceived stress has been 
widely studied in the past and the result has been mixed (Dunkel-Schetter & Glynn, 2010). 
Evidence from a meta-analysis (Bussiére et al., 2015) suggests that pregnancy-related stress is 
the type of prenatal stress that is most consistently predictive of birth outcomes (Dunkel-Schetter, 
2011). Considering the results from the correlational analysis in the current study, it makes sense 
to examine the effects of pregnancy-related stress and general stress on birth outcomes and 
stress-related biomarkers as a next step using the current sample. 
Consistent with my hypothesis, gestational age was found to have a large association with 
birth weight. Overall, the model proposed accounts for 33 % of the total variance in birth weight, 
which is mostly due to the effect of gestational age. The significant effect of gestational age at 
birth has on birth weight might help explain the insignificant association between financial stress 
and birth weight since previous studies have reported that the significant association between 
prenatal stress and birth weight often disappeared after adjusting for gestational age at birth in 
their analyses (e.g., Borders et al., 2007). 
None of the proposed predictors were found to be significantly associated with 
gestational age at birth. This is unexpected but not difficult to comprehend. First, data on 
gestational age at birth tend not to be very reliable and accurate. Unlike the more objective and 
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easily reported birth outcome measure such as birth weight (Amis, 2007), the calculation of 
gestational age at birth is much harder since it relies on an accurate determination of when 
gestation starts. Studies have found that ultrasound used to determine due dates during the first 
20 weeks of pregnancy is accurate only within 7 days. Ultrasounds done from 20 to 30 weeks are 
only accurate within 14 days, and ultrasounds done in the last 10 weeks of pregnancy are only 
accurate within 21 days (ACOG, 2004a). Such a big room for errors makes it especially hard to 
accurately record a baby’s gestational age at birth. Another difficulty in accurately calculating 
gestational age at birth lies in different situations a baby could have been delivered. Around 20% 
of the women included in the study delivered via c-section, which would have changed their 
dates of delivery from their natural delivery dates. Although this change might be only a few 
days, it could still affect the association found between proposed predictors and gestational age 
at birth. Despite these potential issues, gestational age at birth was still included in the current 
study in order to disentangle potential mechanisms by which biomarkers might affect birth 
weight as well as to adjust for the known significant effect gestational age at birth has on birth 
weight. Future studies that are interested in predicting the “timing” of natural birth need to 
design the study carefully so that data on gestational age at birth could be recorded as accurately 
as possible, preferably all determined by ultrasounds early in pregnancy and only use data from 
women who had vaginal deliveries. 
It was somewhat unexpected that none of the inflammatory biomarkers, IL-6, CRP, and 
IL-10 significantly predicted birth outcomes. Literature on this topic is limited and mixed. The 
current study is consistent with a few previous studies (e.g., Goldenberg et al., 2001; Ragsdale et 
al., 2019, Yeates et al., 2019) that found limited or no associations between inflammatory 
biomarkers and birth outcomes. The discrepancies between the current study and those that have 
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reported significant association might be explained by different bio-sample collection locations 
(on the body) and different types of blood samples used for cytokine assays.  
Studies that have found significant relations between inflammatory biomarkers and birth 
outcomes have mostly sampled from cord serum, cervicovaginal fluid, and amniotic fluid (e.g., 
Fraser & Luo, 2010; Kaukola et al., 2006; Romero et al., 1998), whereas this study used 
peripheral blood collected from pregnant women’s arms8 and processed in the form of plasma. 
Inflammatory cytokines measured in cord blood or amniotic fluid are indicative of local 
inflammation level in the uterus which is directly related to fetal cytokine exposure and therefore 
more closely linked to pregnancy outcomes. When collected from peripheral blood, the measured 
biomarkers are indicative of systematic inflammation (Wei, Fraser, & Luo, 2010), which is likely 
to be at a “diluted” level since it is reflective of the whole physiological circulation system. 
When local inflammation level in the uterus was not high, which might be the case in the current 
sample considering it is a low-risk sample, it is not surprising that the level of systematic 
inflammation measured was even lower, making it difficult to detect any significant associations. 
An important implication is that studies collecting bio-samples from locations that can directly 
tap into local inflammation might have a better chance of detecting the associations between 
inflammation and birth outcomes. Biomarkers representing systematic inflammation are best 
used to study high-risk populations whose average systematic inflammation levels are likely to 
be higher. In addition, some researchers have argued that cytokine levels in plasma were more 
stable than cytokines in serum and advocated for adopting plasma rather than serum for cytokine 
analysis (Guo, Dong, Yuan, Dong, & Tian, 2013). The current study is among one of the few 
 
8 A few participants’ blood samples were drawn from their hands. 
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adopters of such an approach, more studies are needed to validate whether plasma samples are 
indeed a better medium for cytokine assays. 
As expected, IL-10 was found to have a marginally negative association with birth weight, 
indicating participants who had higher levels of IL-10 in their peripheral blood sample tend to 
give birth to offspring of smaller birth weights. This is consistent with what Apuzzio et al., 
(2004) and Pearce et al., (2010) reported in their studies, where they found that IL-10 was 
negatively associated with gestational age at birth. It adds to the body of literature that challenges 
the previous assumption that IL-10 as an anti-inflammatory cytokine plays a protective role in 
maintaining pregnancy and pushes researchers to no longer focus on the label of a cytokine as 
pro- or anti-inflammatory but dig into the underlying reasons why certain cytokine production 
was higher. As discussed in the introduction, pro-and anti-inflammatory cytokine productions are 
mutually inhibitory (Wadhwa et al., 2001). Higher levels of anti-inflammatory cytokine could 
well be a response to increasing levels of certain pro-inflammatory cytokines, which indicate 
rising inflammation in the maternal system. Since this association was only marginally 
significant, caution should be taken in its interpretation. More research is needed to shed light on 
the role anti-inflammatory cytokines such as IL-10 play during pregnancy. 
Contrary to my hypothesis, HCC, an index of the HPA axis functioning and chronic 
perceived stress, was not significantly associated with birth weight. This is unexpected but 
consistent with some previous studies showing that maternal cortisol was not associated with 
birth weight when adjusting for gestational age (e.g., Goedhart et al., 2010; Li et al., 2012). 
Literature has suggested that there might be exact sensitive periods for maternal cortisol to show 
influence on fetal birth weight and timing of birth. In this study, hair samples were collected 
across a wide range of gestational stages from the early 2nd trimester to the late 3rd trimester. The 
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variability in the timing of cortisol collection might have masked trimester-specific effects. 
Besides, maternal cortisol levels are known to increase significantly as gestation progress (Jung 
et al., 2011) and such elevation in cortisol is crucial in programming the placenta clock as well as 
support fetal brain and lung development (Howerton & Bale, 2012; Peña, Monk, & Champagne, 
2012). However, excessive cortisol elevation has been widely shown to be detrimental to fetal 
development. Maternal cortisol levels that do not show the expected elevation or elevation that is 
steeper than expected could both be detrimental to fetal growth. Therefore, there might be an 
inverted U-shaped association between maternal cortisol level and fetal birth outcome, which 
might also explain the non-significant linear effect observed here. A third possibility to explain 
the non-significant finding lies in the analysis method. Due to collection issue (only half of the 
available sample provided enough hair to assay HCC for the past three months), HCC was 
analyzed as the average cortisol level during a period of gestation, one month or three months, 
depending on the length of hair collected. Similar levels of average HCC using this way of 
analysis could come from mothers who had substantially different cortisol changing trajectories. 
Some studies have reported that changes in cortisol level as pregnancy advances (Davis & 
Sandman, 2010; Davis et al., 2011) are more predictive of later infant development relative to 
single cortisol assessment. HCC is a stable, easy to collect, and minimally intrusive measure of 
cortisol that can be reliably utilized in field-based research. However, when analyzed as an 
average score, it bears the risk of obscuring individual differences in changes in cortisol levels, 
which might provide more useful information in predicting birth outcomes. Thus, future studies 
should continue to investigate whether changes in the level of biological stress might play a more 
influential role on birth outcomes than stress measured at any single time point or averaged 
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across time, and when possible, model the slope of cortisol changes in their analyses instead of 
using an average score of HCC.  
One interesting finding is that remote prenatal data collection was marginally negatively 
associated with birth weight. This means that participants whose prenatal data were collected 
remotely gave birth to infants of lower birth weight on average. All the participants who had 
their prenatal data collected remotely occurred after the restrictions imposed due to the impact of 
COVID-19. COVID-19 is an ongoing catastrophic global health crisis which had imposed 
significant tolls on people’s life and inevitably would have increased people’s stress levels. Thus, 
this association might indicate a negative impact experiencing COVID-19 has on birth weight. 
This hypothesis should be further examined as a next step since it would provide valuable 
evidence on how COVID-19 might have serious health and developmental implications on 
children born during this time. 
In terms of the association between psychosocial stress and biomarkers, literature on this 
topic is still rather nascent thus it is hard to benchmark what was found in the current study with 
previous findings. As expected, financial stress was found to be positively associated with HCC, 
indicating participants who reported higher levels of financial stress tend to have higher cortisol 
concentrations in their hair samples, which is consistent with what Kalra and colleagues (2007) 
reported in their study. However, previous studies have also found that HCC was associated with 
lower perceived stress (Gerber et al., 2013; Karlen, Ludvigsson, Frostell, Theodorsson, & 
Faresjo, 2011) or unrelated to perceived stress (e.g., Braig et al., 2016; O’Brien, Tronick,& 
Moore, 2013). According to the principle of allostasis (McEwen, 1998, 2000) and the concept of 
allostatic load, psychosocial stress could be viewed to have an inverted-U shaped association 
with cortisol levels, such that the exact association between psychosocial stress and cortisol 
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depends on the range of stress manifested in the sample. These inconsistencies in the literature 
might be due to the existence of this non-linear relationship in the context of pregnancy or it 
might be the case that perceived stress measured by self-report is essentially unrelated to chronic 
physiological stress indices (Tarullo, John, & Meyer, 2017). More research is needed to assess 
whether HCC indeed is a reliable physiological index of psychosocial stress or is in itself a 
different type of stress index. 
Contrary to my hypothesis, financial stress was found to be negatively associated with 
CRP, unassociated with IL-6, and have a marginally positive association with IL-10. Since 
financial stress was an indicator of chronic stress in the current study, these findings might be 
explained by what Sergerstrom and Miller (2004) stated in their meta-analysis that chronic 
stressors were associated with combined immunodeficiency, which would indicate decreasing 
CRP level, a major marker of inflammation. Overall, previous studies have reported mixed 
findings on the association between prenatal stress and CRP. Although some studies report a 
positive association between the two (Coussons-Read et al., 2007 Paul et al., 2008), others failed 
to detect any association (e.g., Borders et al., 2010). Findings from this study further highlight 
the complicated nature of studying immune markers during pregnancy and the difficulty in 
identifying potential influential factors of these immune markers.  
The average value of IL-6 and its variability in the current study was much lower than 
previous studies examining similar research questions among similar populations. For example, 
the average IL-6 reported in Nazarri’s study (2019) was 1.68 pg/ml, and the SD was 1.04, 
whereas in the current study the average IL-6 value was 0.70 pg/ml with an SD of 0.6. Thus, the 
overall lower levels of IL-6 and low variability in the current study might account for the non-
significant finding here. Further, the direction of associations between prenatal stress and CRP, 
  106 
and prenatal stress and IL-10 found in this study were exactly the opposite of what Coussons-
Read and colleagues found in their studies (2005; 2007). In Coussons-Read and colleagues’ 
study (2005), IL-10 was calculated as the mean value of three measures collected between 16 
and 36 weeks of gestation and they also argued that the observed effects might be stage-specific. 
Since IL-10 in the current study was only measured once and the measuring time varies across 
different gestational stages, the differences in the timings of IL-10 collection and the way it was 
analyzed might explain the inconsistent finding. CRP is viewed as a major index of pro-
inflammatory biomarkers and IL-10 is considered an index of anti-inflammatory biomarkers. 
Despite the differences in the direction of significant effects, findings from this study added to 
the literature suggesting that prenatal stress might disrupt the balance between pro-and anti-
inflammatory cytokine production. The differences in the findings here might also indicate the 
relationship between prenatal stress and inflammatory biomarkers could potentially be non-linear 
or population-specific. However, more research is needed to further elucidate these complicated 
associations. 
To note, an individual’s neuroendocrine and immune systems are known to impact each 
other. When an individual experiences psychological stress, their HPA axis will react and 
produce cortisol in response to cope with the stress. Cortisol is known to affect the immune 
system primarily in an immunosuppressive manner, with reductions in leukocyte numbers and 
function (primarily T-lymphocyte and monocyte subsets) and natural killer (NK) cell activity 
(Rabin et al., 1989; O’Leary, 1990), resulting in an alteration of the pro-inflammatory/anti-
inflammatory cytokine balance. Literature (e.g., Beutler, Krochin, & Milsark, 1986; Boumpas, 
Chrousos, & Wilder, 1993) suggests that a hyperactive stress system, indicated by excessive 
cortisol levels, may facilitate an anti-inflammatory cytokine increase, whereas a hypoactive 
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stress system might induce a pro-inflammatory cytokine elevation. Thus, the fact that prenatal 
stress was found to be positively associated with HCC, but negatively associated with pro-
inflammatory cytokine CRP and positively associated with anti-inflammatory cytokine IL-10 
might be explained by the hyperactive stress system discussed above, where excessive cortisol 
levels stimulated an anti-inflammatory cytokine increase and inhibited proinflammatory cytokine 
production. This explanation is of course just a hypothesis based on the complicated interactions 
between the neuroendocrine and immune system and requires empirical testing in future studies. 
Since the direct association between financial stress and birth weight was only marginally 
significant, it is not surprising that none of the proposed indirect effects were statistically 
significant. Therefore, in answering my first exploratory research question regarding indirect 
effects, the current study was unable to identify any physiological mechanisms leading to various 
birth outcomes. However, when viewed simultaneously, two marginal associations discussed 
above are worth being interpreted. Financial stress was found to be marginally and positively 
significantly associated with IL-10, while IL-10 was found to be marginally and negatively 
associated with birth weight. If the sample size were bigger in which case the power to detect 
significant effects is larger, it might be possible to observe that IL-10 might be a potential 
mediator linking financial stress to birth weight. This indirect path, if exist, would be contrary to 
my initial hypothesis, which requires validation from future studies with larger sample sizes.  
Regarding the last exploratory question, results suggest that although there were 
significant group differences in the means values of birth outcomes or specific biomarkers, the 
proposed relationships between the variables of interest did not differ significantly between 
female and male offspring, African American participants and non-African American 
participants, or participants whose data was collected during 2nd and 3rd trimester. Despite that 
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some interesting patterns were revealed from correlational analyses, most of them involve 
pregnancy-related stress or general stress in these correlations that were not examined in the path 
analysis in this study. Thus, it is not surprising that the results from multiple-group path analyses 
did not confirm any meaningful group differences on any of the proposed moderators when 
financial stress was included as the index for prenatal stress due to reasons discussed before. 
However, since the sample in the current study is not big, the non-significant moderation effects 
might also be due to inadequate power to detect such effects. As discussed in previous chapters, 
there are theoretical and empirical reasons to assume group differences might exist in the 
underlying mechanisms leading to poor birth outcomes. Future studies with larger sample sizes 
and bigger power are needed to keep exploring these questions using other types of prenatal 
stress measures, such as pregnancy-related stress or general stress.  
Unexpectedly, some of the direct effects in the results of multiple-group analysis on fetal 
sex differed from what was found using the complete sample. The negative association between 
Il-10 and birth weight turned statistically significant among both female and male offspring 
when analyzed by fetal sex. To note, the sample size of the multiple-group analysis is smaller 
than the complete sample due to 16 participants not having data on this variable. The discrepancy 
between what was found in the multiple-group analysis and the complete sample no longer exists 
once the original model was run again excluding the 16 participants whose fetal sex data were 
missing, suggesting that certain characteristics of these 16 participants might account for this 
change of significant result. In this study, participants, who had a c-section delivery, shorter GA 
at birth, higher HCC, earlier prenatal data collection, or higher pre-pregnancy BMI, were more 
likely to miss information on fetal sex, which overall indicates participants who had higher risks 
of having poor birth outcomes. Therefore, the results found here were sensitive to the change in 
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sample composition and the significant negative association found between IL-10 and birth 
weight might be dependent on the risk level of pregnancies. The association between IL-10 and 
birth weight might be negative only among low-risk pregnant populations but may turn non-
significant or potentially positive among high-risk pregnant populations, which is consistent with 
the assumption that anti-inflammatory cytokine, IL-10, plays a protective role in maintaining 
pregnancy. In addition, the association between financial stress and birth weight turned 
significant among participants whose prenatal data was collected during both the 2nd and the 3rd 
trimesters. This suggests that future studies should aim to collect data from participants at an 
approximately similar gestational time to be able to better examine the effect of timing as well as 
to detect more accurate associations between predictors and birth outcomes.  
Lastly, the changes in path coefficients from the sensitivity analysis on c-section indicate 
that the effects observed in the main model depend on the inclusion of participants who had a c-
section. In fact, it makes sense to explore c-section as another potential moderator. However, due 
to the small sample size of participants who had a c-section in the current sample (n = 44), the 
moderation analysis could not be performed using the current sample since the model would 
have a negative degree of freedom. Future studies of larger sample sizes of both types of delivery 
should continue to examine these associations among participants who had vaginal deliveries vs. 
who has c-sections, as there seem to be distinctive physiological paths linking prenatal stress to 
birth outcomes between these two groups. 
5.2 Limitations 
Interpreting findings and subsequently drawing implications from the current study 
should proceed with caution. First, although the sample size was shown to have adequate power 
to detect most of the proposed effects in my primary hypothesis, it may not be big enough to 
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detect effects that are small in degree or when conducting multiple-group moderation analysis. 
Thus, the findings reported in this study need to be viewed as preliminary and require replication 
in larger samples. Second, due to the unexpected impact of COVID-19 on data collection, data 
on inflammatory biomarkers were missing on almost half of the total sample, which might 
increase bias in estimates. However, MLR was used to address this issue in missing data and 
whether data was collected remotely was added as an auxiliary variable, which provided 
information related to missingness to the model. Simulation studies have shown that such a 
method could help improve precision and reduce biases in the estimates (Ayilara et al., 2019). 
Third, the three inflammatory biomarkers studied in this study were not all assayed in the same 
multiplex batch. IL-6 and IL-10 were assayed simultaneously under the same experimental assay 
condition, yet CRP was assayed in a separate batch. All of the inflammatory biomarkers were 
assayed using MSD kits following the same assaying protocols, which in a way reduced 
exogenous errors to a certain degree. Fourth, again due to restrictions caused by COVID-19, the 
hair samples used to measure cortisol were not all collected by our research assistants. Around 
30% of the samples were collected by the participants at home and mailed to the research team. 
However, our research assistant provided detailed instructions on where and how to collect hair 
samples and provided the same hair collection kit to these participants. Okun and colleagues 
(2010) reported that the consistency rates were excellent between research assistant collected and 
participant-collected salivary cortisol samples’ collection times during pregnancy. Hair samples 
are relatively easy to collect and the protocol to follow is no more complicated than salivary 
cortisol samples. Thus, there is no reason to suspect the samples provided by our participants are 
less trustworthy. Fifth, there are other maternal and contextual factors that were not included in 
the current analyses such as maternal diet, social support, and genetic factors. However, the 
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chosen covariates in the current study encompassed most major ones, and considering the power 
of the sample size, adding more covariates might not be feasible. Besides, since the main effects 
between prenatal stress and birth outcomes were insignificant, including more covariates would 
not make sense. Moreover, our data was collected at different gestational stages during mid and 
late pregnancy due to the fact that the study was not originally designed to answer the proposed 
questions. I have tried to minimize this issue by adjusting for trimester of data collection in the 
analysis. A multiple-group analysis was further carried out to explore potential trimester-specific 
effects, which none were found. Last, but not least, our results were found among a low-risk 
racially diverse community sample, they may not be generalizable to other populations. In fact, 
the proposed significant effects may be more likely to be observed among a clinical population 
or a high-risk population that has a high prevalence of poverty. 
5.3 Conclusions and Future Directions  
This study was informed by the developmental origin of health and disease (DOHaD) 
hypothesis, Lazarus and Folkman’s theory of stress, and a multi-system 
psychoneuroimmunology (PNI) approach. I examined the associations between subjective 
perceptions of chronic stress on birth outcomes among a racially diverse community sample of 
pregnant women while adjusting for the effects of several major confounding variables. Here I 
summarize the main findings, their implications, and major future directions. 
A latent prenatal stress composite was not established based on three types of appraisal 
stress measures proposed, general perceived stress, pregnancy-related stress, and financial stress. 
In terms of direct effects, not enough evidence was found to support that prenatal stress, 
specifically financial stress, was associated with birth weight or gestational age at birth in the 
current study. Prenatal stress was found to be associated with HCC and CRP, marginally 
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associated with IL-10 and unrelated to IL-6, Gestational age at birth was found to be associated 
with birth weight, highlighting the importance of adjusting for gestational age at birth when 
predicting birth weight. None of the physiological biomarkers were found to be associated with 
birth outcomes, except a marginal negative association found between IL-10 and birth weight. 
These findings extended the literature on the “DOHaD hypothesis” and further evidenced that 
psychosocial stress might get under the skin and manifest as physiological stress in both 
neuroendocrine and immune systems and disrupt the balance between pro-and anti-inflammatory 
cytokine production. 
Since the direct effects between prenatal stress and birth outcomes were not found in this 
study, expectedly, none of the proposed indirect effects were observed. There remains much to 
be learned regarding the underlying physiological mechanisms linking prenatal stress to birth 
outcomes. Future research could test the proposed mediation models among high-risk pregnant 
populations. A multi-system psychoneuroimmunology approach where the effects of the 
neuroendocrine system and immune system are simultaneously investigated is still much needed 
to shed light on how these distinctive yet related stress physiological systems are involved in 
shaping fetal birth outcomes.  
Three moderators were examined to see if the proposed effects might show sex-specific, 
race-specific, or trimester-specific patterns. None of the hypothesized moderation effects were 
found. However, there are known differences in birth outcomes between female and male fetuses 
and white and African American fetuses, as well as some observed effects of timing of stress 
exposure during different gestational stages. Studies of larger sample sizes are needed to 
continue exploring whether these moderation effects exist. In addition, other moderators, such as 
level of received social support and neighborhood racial composition which have been found to 
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influence the associations between prenatal stress and birth outcomes should be examined or 
accounted for in future studies. 
Moreover, the execution of the current study revealed several measurement and analytical 
challenges in this line of research, which could serve as critical new methodological and 
analytical directions for future research. For instance, multiplex assaying methods where 
multiple cytokines can be assayed simultaneously in the same context should be adopted to 
minimize errors due to bio-sample processing when multiple cytokines are of interest. There is a 
lack of a good and reliable protocol on how hair collection procedures can be culturally 
appropriate and best carried out among African American population. Researchers need to think 
of more creative ways and be culturally sensitive when collecting hair samples among minority 
populations. In addition, psychosocial stress and physiological stress biomarkers should be 
collected multiple times across different stages of pregnancy to be able to model the changes or 
cross-lagged effects of prenatal stress and the interactive effects between different physiological 
systems. The observational design of the current study prohibits any causal claims to be made. 
Future studies where randomized controlled trials were adopted to test the effects of programs 
targeting prenatal stress could help us understand whether these effects are truly causal, which 
would generate substantial theoretical and clinical implications.  
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APPENDIX 1: CFA RESULTS OF PRENATAL STRESS MEASURES 
Figure 7. CFA result of financial stress 
 
Note: FS=Financial stress; Numerical digits indicate the item number in the questionnaire. 
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Figure 8. CFA result of pregnancy-related stress 
 
Note: PS=Pregnancy-related stress; “P+ a numerical digit” indicates an item in the questionnaire. 
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Figure 9. CFA result of general stress 
 
 
Note: GS=General stress; Numerical digits indicate the item number in the questionnaire; R 
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APPENDIX 2: PRELIMINARY & MAIN ANALYSIS RESULTS 






% Mean (SD) Range 
Maternal characteristics      
  Race 229     
    White 229 132 57.64   
    Black/African 
American 
229 77 33.62   
    Others 229 20 8.73   
  Age, years 229   30.61(5.42) 18.70 - 46.07 
  Education 229     
    Less than high school 229 5 2.18   
    High school diploma 229 75 32.75   
    Some college 229 22 9.61   
    College graduate 229 61 26.64   
    Graduate or 
professional 
    degrees 
229 66 28.82   
  Pre-pregnancy BMI 227   27.69 (7.32) 16.13 - 54.07 
Family characteristics      
  Income-to-needs ratio 222   3.50 (2.67) 0 - 15.70 
Pregnancy 
characteristics 
     
  Smoking  178 13 7.30   
  Drinking  178 35 19.67   
  Caesarian delivery 228 44 19.30   
  Premature delivery 227 8 3.52   
  LBW 213 6 2.82   
Child characteristics      
  Sex, male 228 102 44.5   
  Gestational age, weeks 227   39.20 (1.28) 33.86 - 41.71 
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Table 1(Continued). Descriptive statistics for sample characteristics 
 Total N No. of Subjects % Mean (SD) Range 
Prenatal data collection 
characteristics 
     
  Remote  229 47 20.52   
 
Note: LBW= Low birth weight; BMI=Body mass index; Smoking=Smoking during pregnancy; 
Drinking=Drinking during pregnancy.
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Table 2. Descriptive statistics for inflammatory biomarkers 
 
 Total N Mean (SD) Range Skewness 
Inflammatory biomarkers     
  HCC, pg/mg 173 11.59 (40.60) 0 - 497.37 10.33 
  IL-6, pg/mL 122 0.70 (0.61) 0.16 - 4.92 3.75 
  IL10, pg/mL 122 0.30 (0.66) 0.05 - 6.58 7.71 
  CRP, mg/L 122 11.74 (11.06) 0.18 - 62.59 1.76 
 
Note: IL-6=interleukin-6; IL-10=interleukin-10; CRP=C-reactive protein; HCC=Hair cortisol 
concentration.
 





Note: BW= birth weight; GA= gestational age at birth; FS= financial stress; PS=pregnancy-related stress, GS=general stress; IL-








 BW GA FS PS GS IL-6 CRP IL-10 HCC 
BW 1.00 - - - - - - - - 
GA .57*** 1.00 - - - - - - - 
FS .06 -.13 1.00 - - - - - - 
PS .06 .00 .18† 1.00 - - - - - 
GS .15 .05 .42*** .41*** 1.00 - - - - 
IL-6 -.04 -.14 .04 -.02 .10 1.00 - - - 
CRP .09 .08 -.08 .14 .06 .36*** 1.00 - - 
IL-10 -.21* -.06 -.01 -.03 .18† .09 -.18† 1.00 - 
HCC -.02 -.10 .11 -.15 .10 .08 -.06 -.10 1.00 
 




Note: F=Female; M=Male; BW= birth weight; GA= gestational age at birth; FS= financial stress; PS=pregnancy-related stress, 
GS=general stress; IL-6=interleukin-6; IL-10=interleukin-10; CRP=c-reactive protein; HCC=hair cortisol concentration. †p<.10; 






                      
                F 
M 
 
BW GA FS PS GS IL-6 CRP IL-10 HCC 
BW 1.00 .37* .21 -.05 .03 .08 .02 -.29† -.02 
GA .34* 1.00 -.22 -.25 -.21 .03 .10 -.30† -.20 
FS -.12 -.33* 1.00 .09 .34* .03 -.23 .17 .21 
PS -.07 -.07 .27† 1.00 .31† .01 .44** -.23 -.11 
GS .06 -.03 .42** .53*** 1.00 .13 .04 .11 .33† 
IL-6 .05 -.16 .14 .03 .23 1.00 .22 .13 .06 
CRP .10* -.05 -.08 -.10 .05 .57*** 1.00 -.20 -.13 
IL-10 -.20 .15 -.02 .25 .25 .04 -.16 1.00 .11 
HCC -.12 -.14 .03 -.23 -.08 .19 .05 -.29† 1.00 
 
Table 5. Correlation coefficients between key variables by maternal race  
 
 
Note: AA=African American; Non-AA=Non-African American; BW= birth weight; GA= gestational age at birth; FS= financial 
stress; PS=pregnancy-related stress, GS=general stress; IL-6=interleukin-6; IL-10=interleukin-10; CRP=c-reactive protein; 






                 AA 
Non-AA 
BW GA FS PS GS IL-6 CRP IL-10 HCC 
BW 1.00 .54** .21 .25 .35† -.14 .17 .14 .01 
GA .48*** 1.00 -.08 .13 .07 -.25 -.04 -.17 .00 
FS -.09 -.34* 1.00 .12 .65*** .15 .26 -.02 .18 
PS -.08 -.21 .24† 1.00 .42* -.12 .03 .19 -.28 
GS -.08 -.11 .35** .37** 1.00 -.01 .13 .40* -.02 
IL-6 -.06 -.16 -.01 .11 .17 1.00 .40* -.06 .02 
CRP -.01 .05 -.23† .26† .04 .37** 1.00 -.07 .06 
IL-10 -.33* .02 .02 -.22† .08 .14 -.33* 1.00 -.22 
HCC -.10 -32* .07 -.03 .03 11 .12 .06 1.00 
 
Table 6. Correlation coefficients between key variables by trimester of prenatal data collection  
 
 
Note: BW= birth weight; GA= gestational age at birth; FS= financial stress; PS=pregnancy-related stress, GS=general stress; IL-







     3rd  
2nd 
BW GA FS PS GS IL-6 CRP IL-10 HCC 
BW 1.00 .58*** .32 .05 .08 .06 .38* -.32 -.09 
GA .57*** 1.00 -.01 -.20 .02 -.11 .21 -.09 -.06 
FS .00 -.19 1.00 .26 .53*** .17 .16 .02 .11 
PS .06 .15 .14 1.00 .34* -.14 .34* -.18 -.06 
GS .17 .07 .38** .46*** 1.00 -.06 .31† .01 .08 
IL-6 -.09 -.17 -.01 .06 .15 1.00 -.22 .16 .03 
CRP -.06 .00 -.18 .06 -.07 .58*** 1.00 -.22 -.02 
IL-10 -.15 -.03 -.02 .07 .28* .06 -.14 1.00 -.10 
HCC .03 -.16 -.13 -.20 .11 .06 -.19† -.09 1.00 
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Table 7: Path analysis direct effects (N = 229) 
 
Regression Path coefficients 
 S.E. P-value 
BW~CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         GA 
         Fetal sex 

























R2 .33 .06 .000 
GA~ CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         BMI 
         C Section 

























R2 .12 .05 .014 
IL-6~ FS 
          BMI  










R2 .17 .07 .011 
CRP~FS 







R2 .12 .06 .059 
IL-10~FS 







R2 .09 .05 .060 
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Table 7 (Continued): Path analysis direct effects (N = 229) 
 
Regression Path coefficients 
 S.E. P-value 
HCC~FS 
          C Section 










R2 .10 .04 .013 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001. 
Significant path coefficients were highlighted in bold. 
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Table 8. Path analysis indirect effects (N = 229) 
 
Regression  S.E. P value 
GA on CRP- FS -0.02 0.03 .461 
GA on IL-6 - FS 0.00 0.01 .868 
GA on IL-10 -FS -0.01 0.02 .448 
GA on HCC - FS -0.01 0.01 .369 
BW on CRP- FS 0.01 0.02 .750 
BW on IL-6 - FS -0.00 0.01 .868 
BW on IL-10 -FS -0.02 0.02 .193 
BW on HCC - FS -0.02 0.02 .299 
BW on GA- CRP - FS -0.01 0.01 .472 
BW on GA- IL-6 - FS 0.00 0.00 .868 
BW on GA- IL-10 - FS -0.01 0.01 .442 
BW on GA- HCC - FS -0.01 0.01 .368 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001.  
 
  127 
Table 9: Direct effects grouped by fetal sex (N = 213) 
 
Regression Female (N=111) Male (N=102) 
 S.E. P-value  S.E. P-value 
BW~CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         GA 











































R2 .32 0.08 .000 .24 0.05 .000 
GA~ CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         BMI 
         C Section 

















































R2 .06 0.03 .064 .10 0.05 031 
IL-6~ FS 
          BMI  



















R2 .16 0.07 .016 .23 0.09 .008 
CRP~FS 













R2 .10 0.06 .091 .11 0.06 .088 
IL-10~FS 
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Table 9 (Continued): Direct effects grouped by fetal sex (N = 213) 
 
Regression Female (N=111) Male (N=102) 
 S.E. P-value  S.E. P-value 
HCC~FS 
          C Section 



















R2 .12 0.05 .013 .08 0.04 .032 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001. 
Significant path coefficients were highlighted in bold. 
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Table 10: Direct effects grouped by maternal race (N = 229) 
 
Regression Non-African American (N=146) African American (N=83) 






































































































































































R2 .07 0.04 .125 .10 0.05 .081 
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Table 10 (Continued): Direct effects grouped by maternal race (N = 229) 
 
Regression Non-African American (N=146) African American (N=83) 






















R2 .13 0.05 .013 .04 0.03 .082 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001. 
Significant path coefficients were highlighted in bold. 
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Table 11: Direct effects grouped by trimester of prenatal data collection (N = 229) 
 
Regression 2nd trimester (N=100) 3rd trimester (N=129) 
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Table 11 (Continued): Direct effects grouped by trimester of prenatal data collection (N = 
229) 
 
Regression 2nd trimester (N=100) 3rd trimester (N=129) 















R2 .06 0.03 .093 .10 0.05 .075 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001. 
Significant path coefficients were highlighted in bold. 
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Table 12. Path analysis direct effects excluding participants missing on fetal sex (N = 213) 
Regression Path coefficients 
 S.E. P-value 
BW~CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         GA 
         Fetal sex 

























R2 .30 .06 .000 
GA~ CRP 
         IL-6 
         IL-10 
         HCC 
         FS 
         BMI 
         C Section 

























R2 .10 .04 .026 
IL-6~ FS 
          BMI  










R2 .17 .07 .015 
CRP~FS 







R2 .10 .06 .084 
IL-10~FS 
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Table 12 (Continued). Path analysis direct effects excluding participants missing on fetal 
sex (N = 213) 
 
Regression Path coefficients 
 S.E. P-value 
HCC~FS 
          C Section 










R2 .10 .04 .013 
 
Note: BW=Birth weight; GA=Gestational age at birth; FS=Financial stress; HCC=Hair cortisol 
concentration; Remote=Whether prenatal data was collected remotely; Trimester=Which 
trimester participant’s prenatal data was collected. †p<.10; *p<.05; **p<.01; ***p<.001. 
Significant path coefficients were highlighted in bold. 
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APPENDIX 3: FURTHER EFA EXPLORATION OF PRENATAL STRESS 
As an exploratory analysis, a first-order three-factor model for pregnancy-related stress 
(2(32, N = 229) =58.82, p = .003, CFI = .96, TLI = .95, RMSEA = .06, SRMR = .04), and a 
first-order two-factor model for general stress (2(34, N = 229) = 68.68, p < .001, CFI= .96, TLI 
= .94, RMSEA = .07, SRMR = .04) were also conducted. Model fit results again suggest an 
overall good fit. To further explore the underlying structure of the three types of prenatal stress 
measures, I conducted EFA using the six factor scores generated from first-order CFAs with the 
complete sample since a sample of slightly over 100 cases is not big enough for six observed 
variables. The results of the parallel analysis suggested that these six variables did not share one 
common latent factor but rather two latent factors. Variables of general perceived stress and 
financial stress were shown to load on one common latent factor while all three variables of 
pregnancy-related stress loaded on another latent factor. Following the recommendation of 
Tabachnick and Fiddell (2007) and Kim and Muller (1978), I did EFA with oblique rotation 
(direct oblimin) method first to examine the correlation between the two latent factors (r =.41). 
Since the correlation between the two factors was above .32, it indicates the two factors were not 
orthogonal thus conducting EFA with oblique rotation method makes sense. However, the results 
in RStudio suggested that a Heywood case was detected. Heywood cases, also known as negative 
variance estimates, are a common occurrence in latent variable SEM models (Kolenikov and 
Bollen, 2012). Generally, Heywood cases are caused by insufficiently informative data, such as 
missingness, small sample size, and/or weak covariances among the indicators. Since there was 
minimal missingness in this dataset, and the sample size is considered sufficient for two latent 
variables from six indicators, the problem is likely due to the fact that the covariances among the 
indicators were weak. The relatively small factor loading (.39) of the latent prenatal stress factor 
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on financial stress seems to suggest the same issue (see Table 13). Results from this additional 
analysis were consistent with what was reported in the main text and suggest that these three 
observed appraisal prenatal stress measures should be examined separately. 
 
Table 13. EFA results of prenatal stress using first-order CFA generated scores (N = 229) 
CFA Generated Scores Latent Factor 1 Latent Factor 2 Communality 
Financial stress 0.39 -0.05 1.0 
Pregnancy-related stress 1 0.13 0.56 1.1 
Pregnancy-related stress 2 0.09 0.57 1.0 
Pregnancy-related stress 3 -0.03 1.01 1.0 
General stress 1 0.97 0.02 1.0 
General stress 2 0.90 -0.02 1.0 
 
Note: Factor loadings above 0.30 were shown in bold font.
 
APPENDIX 4: POWER ANALYSIS 
Table 14. Results and assumptions used in the power analysis of second-order CFA of prenatal stress (N = 229,  = .05) 
Path Asm. P (% sig.) Path Asm. P (% sig.) Path Asm. P (% sig.) Path Asm. P (% sig.) Path Asm. P (% sig.) 
FS by x1 .50 .92 PS by x7 .60 .91 PS by x13 .60 .91 GS by x19 .60 .94 GS by x25 .60 .94 
FS by x2 .50 .92 PS by x8 .60 .91 PS by x14 .60 .91 GS by x20 .60 .94 GS by x26 .60 .94 
FS by x3 .50 .92 PS by x9 .60 .91 PS by x15 .60 .91 GS by x21 .60 .94 LPS by FS .40 .30 
FS by x4 .50 .92 PS by x10 .60 .91 PS by x16 .60 .91 GS by x22 .60 .94 LPS by PS .40 .28 
FS by x5 .50 .92 PS by x 11 .60 .91 GS by x17 .60 .94 GS by x23 .60 .94 LPS by GS .40 .28 
FS by x6 .50 .92 PS by x12 .60 .91 GS by x18 .60 .94 GS by x24 .60 .94    
 
Note: Asm.: Assumption, P: Power, sig.: significance, FS: Financial stress, PS: Pregnancy-related stress, GS: general stress, LPS: 








Table 15. Results and assumptions used in the power analysis of first-order CFA of prenatal stress (N = 229,  = .05) 
Path Asm. Power (% sig.) 
LPS by FS .40 1.00 
LPS by PS .40 1.00 
LPS by GS .40 1.00 
 







Table 16. Results and assumptions used in the power analysis of the structural SEM model with first-order CFA of prenatal 
stress with nine controls and missingness in data (N = 229,  = .05) 
 
Path Asm. Power (% sig.) Path Asm. Power (% sig.) Path Asm. Power (% sig.) 
LPS by x1 .40 1.00 IL-10 on LPS .50 1.00 BW on HCC .10 .93 
LPS by x2 .40 1.00 CRP on LPS .30 .96 BW on GA .55 1.00 
LPS by x3 .40 1.00 HCC on LPS .25 .87 GA on IL-6 .20 .96 
BW on LPS .20 1.00 BW on IL-6 .20 1.00 GA on IL-10 .20 .96 
GA on LPS .20 .96 BW on IL-10 .20 1.00 GA on CRP .75 1.00 
IL-6 on LPS .35 .94 BW on CRP 1.20 1.00 GA on HCC 10 .68 
 
Note: Asm.: Assumption, sig.: significance, FS: Financial stress, PS: Pregnancy-related stress, GS: general stress, LPS: Latent 
prenatal stress, BW: Birthweight, GA: Gestational age at birth, CRP: C-reactive protein, HCC: Hair cortisol concentration. Bolded 






  140 
REFERENCES 
Aboustate, N., & Baune, B. T. (2020). Developmental Programming During Psychological Stress 
in Pregnancy: A Neurobiological Perspective. Perinatal Inflammation and Adult 
Psychopathology, 11-32. 
Adam, E. K. (2012). Emotion—cortisol transactions occur over multiple time scales in 
development: implications for research on emotion and the development of emotional 
disorders. Monographs of the Society for Research in Child Development, 77(2), 17-27. 
Ader, R. (2000). On the development of psychoneuroimmunology. European Journal of 
Pharmacology, 405(1-3), 167-176. 
Agarwal, S. K., & Marshall Jr, G. D. (1998). Glucocorticoid-induced type 1/type 2 cytokine 
alterations in humans: a model for stress-related immune dysfunction. Journal of 
interferon & cytokine research, 18(12), 1059-1068. 
Aguilar‐Valles, A., Poole, S., Mistry, Y., Williams, S., & Luheshi, G. N. (2007). Attenuated 
fever in rats during late pregnancy is linked to suppressed interleukin‐6 production after 
localized inflammation with turpentine. The Journal of physiology, 583(1), 391-403. 
Al Atawi, F., Warsy, A., Babay, Z., & Addar, M. (2005). Fetal sex and leptin concentrations in 
pregnant females. Annals of Saudi medicine, 25(2), 124-128. 
Alderdice, F., Lynn, F., & Lobel, M. (2012). A review and psychometric evaluation of 
pregnancy-related stress measures. Journal of Psychosomatic Obstetrics & 
Gynecology, 33(2), 62-77. 
Anderson, J. C., & Gerbing, D. W. (1988). Structural equation modeling in practice: A review 
and recommended two-step approach. Psychological bulletin, 103(3), 411. 
Apuzzio, J., Chan, Y., Al-Khan, A., Illsley, N., Kim, P. L., & Vonhaggen, S. (2004). Second-
trimester amniotic fluid interleukin-10 concentration predicts preterm delivery. The 
Journal of Maternal-Fetal & Neonatal Medicine, 15(5), 313-317. 
Arck, P. C., Rose, M., Hertwig, K., Hagen, E., Hildebrandt, M., & Klapp, B. F. (2001). Stress 
and immune mediators in miscarriage. Human Reproduction, 16(7), 1505-1511. 
Arpino, C., Compagnone, E., Montanaro, M. L., Cacciatore, D., De Luca, A., Cerulli, A., ... & 
Curatolo, P. (2010). Preterm birth and neurodevelopmental outcome: a review. Child's 
nervous system, 26(9), 1139-1149. 
  141 
Austin, M. P., & Leader, L. (2000). Maternal stress and obstetric and infant outcomes: 
epidemiological findings and neuroendocrine mechanisms. Australian and New Zealand 
journal of obstetrics and gynaecology, 40(3), 331-337. 
Aziz, N., Nishanian, P., Mitsuyasu, R., Detels, R., & Fahey, J. L. (1999). Variables that affect 
assays for plasma cytokines and soluble activation markers. Clinical and diagnostic 
laboratory immunology, 6(1), 89-95. 
Badanes, L. S., Watamura, S. E., & Hankin, B. L. (2011). Hypocortisolism as a potential marker 
of allostatic load in children: Associations with family risk and internalizing 
disorders. Development and psychopathology, 23(3), 881. 
Baker, E. C., Baibazarova, E., Ktistaki, G., Shelton, K. H., & Van Goozen, S. H. M. (2012). 
Development of fear and guilt in young children: Stability over time and relations with 
psychopathology. Development and Psychopathology, 24(3), 833-845. 
Barbazanges, A., Piazza, P. V., Le Moal, M., & Maccari, S. (1996). Maternal glucocorticoid 
secretion mediates long-term effects of prenatal stress. Journal of Neuroscience, 16(12), 
3943-3949. 
Barker, D. J. (1995). Fetal origins of coronary heart disease. Bmj, 311(6998), 171-174. 
Beijers, R., Buitelaar, J. K., & de Weerth, C. (2014). Mechanisms underlying the effects of 
prenatal psychosocial stress on child outcomes: beyond the HPA axis. European child & 
adolescent psychiatry, 23(10), 943-956. 
Benediktsson, R., Calder, A. A., Edwards, C. R., & Seckl, J. R. (1997). Placental 
11β‐hydroxysteroid dehydrogenase: a key regulator of fetal glucocorticoid 
exposure. Clinical endocrinology, 46(2), 161-166. 
Bentler, P. M. (1990). Comparative fit indexes in structural models. Psychological 
bulletin, 107(2), 238. 
Bentler, P. M. (1992). On the fit of models to covariances and methodology to the Bulletin. 
Psychological bulletin, 112(3), 400. 
Berger, A. (2000). Th1 and Th2 responses: what are they?.Bmj, 321(7258), 424. 
Bergman, K., Sarkar, P., O'CONNOR, T. G., Modi, N., & Glover, V. (2007). Maternal stress 
during pregnancy predicts cognitive ability and fearfulness in infancy. Journal of the 
American Academy of Child & Adolescent Psychiatry, 46(11), 1454-1463. 
  142 
Berle, J. Ø., Mykletun, A., Daltveit, A. K., Rasmussen, S., Holsten, F., & Dahl, A. A. (2005). 
Neonatal outcomes in offspring of women with anxiety and depression during 
pregnancy. Archives of Women’s Mental Health, 8(3), 181-189. 
Besedovsky, L., Lange, T., & Born, J. (2012). Sleep and immune function. Pflügers Archiv-
European Journal of Physiology, 463(1), 121-137. 
Betts, K. S., Williams, G. M., Najman, J. M., Scott, J., & Alati, R. (2014). Maternal prenatal 
infection, early susceptibility to illness and adult psychotic experiences: a birth cohort 
study. Schizophrenia research, 156(2-3), 161-167. 
Beutler, B., Krochin, N., Milsark, I. W., Luedke, C., & Cerami, A. (1986). Control of cachectin 
(tumor necrosis factor) synthesis: mechanisms of endotoxin 
resistance. Science, 232(4753), 977-980. 
Beversdorf, D. Q., Manning, S. E., Hillier, A., Anderson, S. L., Nordgren, R. E., Walters, S. E., ... 
& Bauman, M. L. (2005). Timing of prenatal stressors and autism. Journal of autism and 
developmental disorders, 35(4), 471-478. 
Beydoun, H., & Saftlas, A. F. (2008). Physical and mental health outcomes of prenatal maternal 
stress in human and animal studies: a review of recent evidence. Paediatric and perinatal 
epidemiology, 22(5), 438-466. 
Blair, C., & Raver, C. C. (2016). Poverty, stress, and brain development: New directions for 
prevention and intervention. Academic pediatrics, 16(3), S30-S36. 
Blair, C., Raver, C., Granger, D., Mills-Koonce, R., Hibel, L., & Family Life Project Key 
Investigators. (2011). Allostasis and allostatic load in the context of poverty in early 
childhood. Development and psychopathology, 23(3), 845. doi:10.1111/j.1467-
8624201101643.x 
Bolten, M. I., Wurmser, H., Buske-Kirschbaum, A., Papoušek, M., Pirke, K. M., & Hellhammer, 
D. (2011). Cortisol levels in pregnancy as a psychobiological predictor for birth 
weight. Archives of women's mental health, 14(1), 33-41. 
Borders, A. E. B., Grobman, W. A., Amsden, L. B., & Holl, J. L. (2007). Chronic stress and low 
birth weight neonates in a low-income population of women. Obstetrics & 
Gynecology, 109(2), 331-338. 
Borders, A. E., Grobman, W. A., Amsden, L. B., McDade, T. W., Sharp, L. K., & Holl, J. L. 
(2010). The relationship between self-report and biomarkers of stress in low-income 
reproductive-age women. American journal of obstetrics and gynecology, 203(6), 577-e1. 
  143 
Borders, A. E., Wolfe, K., Qadir, S., Kim, K. Y., Holl, J., & Grobman, W. (2015). Racial/ethnic 
differences in self-reported and biologic measures of chronic stress in pregnancy. Journal 
of Perinatology, 35(8), 580-584. 
Boumpas, D. T., Chrousos, G. P., Wilder, R. L., Cupps, T. R., & Balow, J. E. (1993). 
Glucocorticoid therapy for immune-mediated diseases: basic and clinical 
correlates. Annals of internal medicine, 119(12), 1198-1208. 
Bowers, K., Ding, L., Gregory, S., Yolton, K., Ji, H., Meyer, J., ... & Folger, A. (2018). Maternal 
distress and hair cortisol in pregnancy among women with elevated adverse childhood 
experiences. Psychoneuroendocrinology, 95, 145-148. 
Boyle, C. A., Boulet, S., Schieve, L. A., Cohen, R. A., Blumberg, S. J., Yeargin-Allsopp, M., ... 
& Kogan, M. D. (2011). Trends in the prevalence of developmental disabilities in US 
children, 1997–2008. Pediatrics, 127(6), 1034-1042. 
Braig, S., Grabher, F., Ntomchukwu, C., Reister, F., Stalder, T., Kirschbaum, C., ... & Genuneit, 
J. (2016). The association of hair cortisol with self‐reported chronic psychosocial stress 
and symptoms of anxiety and depression in women shortly after delivery. Paediatric and 
perinatal epidemiology, 30(2), 97-104. 
Braithwaite, E. C., Murphy, S. E., Ramchandani, P. G., & Hill, J. (2017). Associations between 
biological markers of prenatal stress and infant negative emotionality are specific to 
sex. Psychoneuroendocrinology, 86, 1-7. 
Bronson, S. L., & Bale, T. L. (2014). Prenatal stress-induced increases in placental inflammation 
and offspring hyperactivity are male-specific and ameliorated by maternal 
antiinflammatory treatment. Endocrinology, 155(7), 2635-2646. 
Brough, P., O'Driscoll, M., Kalliath, T., Cooper, C. L., & Poelmans, S. A. (2009). Workplace 
psychological health: Current research and practice. Edward Elgar Publishing. 
Bussières, E. L., Tarabulsy, G. M., Pearson, J., Tessier, R., Forest, J. C., & Giguère, Y. (2015). 
Maternal prenatal stress and infant birth weight and gestational age: A meta-analysis of 
prospective studies. Developmental Review, 36, 179-199. 
Cabral, H., Fried, L. E., Levenson, S., Amaro, H., & Zuckerman, B. (1990). Foreign-born and 
US-born black women: differences in health behaviors and birth outcomes. American 
Journal of Public Health, 80(1), 70-72. 
Campbell, R. K., Devick, K. L., Coull, B. A., Cowell, W., Askowitz, T., Goldson, B., ... & 
Wright, R. J. (2019). Prenatal cortisol modifies the association between maternal trauma 
  144 
history and child cognitive development in a sex-specific manner in an urban pregnancy 
cohort. Stress, 22(2), 228-235. 
Carlson, M., & Earls, F. (1997). Psychological and neuroendocrinological sequelae of early 
social deprivation in institutionalized children in Romania. Annals of the New York 
Academy of Sciences, 807(1), 419-428. 
Carmichael, S. L., & Shaw, G. M. (2000). Maternal life event stress and congenital 
anomalies. Epidemiology, 11(1), 30-35. 
Carvalho, A. F., Köhler, C. A., Fernandes, B. S., Quevedo, J., Miskowiak, K. W., Brunoni, A. 
R., ... & Berk, M. (2016). Bias in emerging biomarkers for bipolar 
disorder. Psychological medicine, 46(11), 2287. 
Catov, J. M., Abatemarco, D. J., Markovic, N., & Roberts, J. M. (2010). Anxiety and optimism 
associated with gestational age at birth and fetal growth. Maternal and child health 
journal, 14(5), 758-764. 
Cha, J., Sun, X., & Dey, S. K. (2012). Mechanisms of implantation: strategies for successful 
pregnancy. Nature medicine, 18(12), 1754-1767. 
Chaaya, M., Osman, H., Naassan, G., & Mahfoud, Z. (2010). Validation of the Arabic version of 
the Cohen Perceived Stress Scale (PSS-10) among pregnant and postpartum 
women. BMC psychiatry, 10(1), 1-7. 
Chinn S. A simple method for converting an odds ratio to effect size for use in meta-analysis. 
Stat Med. 2000 Nov 30;19(22):3127-31.  
Christian, L. M. (2015). Stress and immune function during pregnancy: an emerging focus in 
mind-body medicine. Current directions in psychological science, 24(1), 3-9. 
Christian, L. M., Franco, A., Glaser, R., & Iams, J. D. (2009). Depressive symptoms are 
associated with elevated serum proinflammatory cytokines among pregnant 
women. Brain, behavior, and immunity, 23(6), 750-754. 
Chrousos, G. P., & Gold, P. W. (1992). The concepts of stress and stress system disorders: 
overview of physical and behavioral homeostasis. Jama, 267(9), 1244-1252. 
Clarke, J. (1786). Observation on some causes of excess of the mortality of males above that of 
females. Philosophical Transactions of the Royal Society of London, 76, 349–365. 
Clifton, V. L. (2010). Sex and the human placenta: mediating differential strategies of fetal 
growth and survival. Placenta, 31, S33-S39. 
  145 
Cohen, S. (1988). Perceived stress in a probability sample of the United States. 
Cohen, S., & Herbert, T. B. (1996). Health psychology: Psychological factors and physical 
disease from the perspective of human psychoneuroimmunology. Annual review of 
psychology, 47(1), 113-142. 
Cohen, S., Kamarck, T., & Mermelstein, R. (1994). Perceived stress scale. Measuring stress: A 
guide for health and social scientists, 10, 1-2. 
Cohen, S., Kamarck, T., & Mermelstein, R. O. B. I. N. (1983). Perceived stress scale (PSS). J 
Health Soc Beh, 24, 285. 
Colbern, G. T., & Main, E. K. (1991). Immunology of the maternal-placental interface in 
normal-pregnancy. Seminars in Perinatology, 15, 196–205. 
Conger, R. D., & Elder Jr, G. H. (1994). Families in troubled times: The Iowa youth and families 
project. Families in troubled times: Adapting to change in rural America, 3-19. 
Conger, R. D., Conger, K. J., Matthews, L. S., & Elder, G. S. (1999). Pathways to economic 
influence on adolescent adjustment. American Journal of Community Psychology, 27, 
519–541. 
Costello, E. J., Worthman, C., Erkanli, A., & Angold, A. (2007). Prediction from low birth 
weight to female adolescent depression: a test of competing hypotheses. Archives of 
general psychiatry, 64(3), 338-344. 
Coussons-Read, M. E., Lobel, M., Carey, J. C., Kreither, M. O., D’Anna, K., Argys, L., ... & 
Cole, S. (2012). The occurrence of preterm delivery is linked to pregnancy-related 
distress and elevated inflammatory markers across gestation. Brain, behavior, and 
immunity, 26(4), 650-659. 
Coussons-Read, M. E., Okun, M. L., & Nettles, C. D. (2007). Psychosocial stress increases 
inflammatory markers and alters cytokine production across pregnancy. Brain, behavior, 
and immunity, 21(3), 343-350. 
Coussons-Read, M. E., Okun, M. L., Schmitt, M. P., & Giese, S. (2005). Prenatal stress alters 
cytokine levels in a manner that may endanger human pregnancy. Psychosomatic 
medicine, 67(4), 625-631. 
Coussons-Read, M., Okun, M., & Simms, S. (2003). The psychoneuroimmunology of 
pregnancy. Journal of reproductive and infant psychology, 21(2), 103-112. 
  146 
Cronbach, L. J. (1951). Coefficient alpha and the internal structure of tests. psychometrika, 16, 
297-334. 
Cunnick, J. E., Lysle, D. T., Kucinski, B. J., & Rabin, B. S. (1992). Stress‐Induced Alteration of 
Immune Function: Diversity of Effects and Mechanisms. Annals of the New York 
Academy of Sciences, 650(1), 283-287. 
Cutolo, M., Sulli, A., Pizzorni, C., Seriolo, B., & Straub, R. H. (2001). Anti-inflammatory 
mechanisms of methotrexate in rheumatoid arthritis. Annals of the rheumatic 
diseases, 60(8), 729-735. 
D'Anna-Hernandez, K. L., Ross, R. G., Natvig, C. L., & Laudenslager, M. L. (2011). Hair 
cortisol levels as a retrospective marker of hypothalamic–pituitary axis activity 
throughout pregnancy: comparison to salivary cortisol. Physiology & behavior, 104(2), 
348-353. 
Dancause, K. N., Laplante, D. P., Oremus, C., Fraser, S., Brunet, A., & King, S. (2011). 
Disaster-related prenatal maternal stress influences birth outcomes: Project Ice 
Storm. Early human development, 87(12), 813-820. 
Daunter, B. (1992). Immunology of pregnancy: towards a unifying hypothesis. European 
Journal of Obstetrics & Gynecology and Reproductive Biology, 43(2), 81-95. 
Davis, E. P., & Sandman, C. A. (2010). The timing of prenatal exposure to maternal cortisol and 
psychosocial stress is associated with human infant cognitive development. Child 
development, 81(1), 131-148. 
de Oliveira, L. C., Franco-Sena, A. B., Farias, D. R., Rebelo, F., & Kac, G. (2017). Maternal C-
reactive protein concentrations during pregnancy and birth weight in a prospective cohort 
in Rio de Janeiro, Brazil. The Journal of Maternal-Fetal & Neonatal Medicine, 30(19), 
2346-2353. 
Dettenborn, L., Tietze, A., Bruckner, F., & Kirschbaum, C. (2010). Higher cortisol content in 
hair among long-term unemployed individuals compared to 
controls. Psychoneuroendocrinology, 35(9), 1404-1409. 
Dhabhar, F. S. (2014). Effects of stress on immune function: the good, the bad, and the 
beautiful. Immunologic research, 58(2), 193-210. 
Di Renzo, G. C., Rosati, A., Sarti, R. D., Cruciani, L., & Cutuli, A. M. (2007). Does fetal sex 
affect pregnancy outcome?. Gender medicine, 4(1), 19-30. 
  147 
Diego, M. A., Jones, N. A., Field, T., Hernandez-Reif, M., Schanberg, S., Kuhn, C., & Gonzalez-
Garcia, A. (2006). Maternal psychological distress, prenatal cortisol, and fetal 
weight. Psychosomatic medicine, 68(5), 747-753. 
Dobaño, C., Berthoud, T., Manaca, M. N., Nhabomba, A., Guinovart, C., Aguilar, R., ... & 
Alonso, P. L. (2018). High production of pro-inflammatory cytokines by maternal blood 
mononuclear cells is associated with reduced maternal malaria but increased cord blood 
infection. Malaria journal, 17(1), 1-13. 
Dole, N., Savitz, D. A., Hertz-Picciotto, I., Siega-Riz, A. M., McMahon, M. J., & Buekens, P. 
(2003). Maternal stress and preterm birth. American journal of epidemiology, 157(1), 14-
24. 
Dong, Y., & Yu, J. L. (2011). An overview of morbidity, mortality and long-term outcome of 
late preterm birth. World Journal of Pediatrics, 7(3), 199-204. 
Duffy, A. R., Schminkey, D. L., Groer, M. W., Shelton, M., & Dutra, S. (2018). Comparison of 
hair cortisol levels and perceived stress in mothers who deliver at preterm and 
term. Biological research for nursing, 20(3), 292-299. 
Dunkel Schetter, C. (2011). Psychological science on pregnancy: stress processes, 
biopsychosocial models, and emerging research issues. Annual review of psychology, 62, 
531-558. 
Dunkel Schetter, C., & Glynn, L. M. (2011). Stress in pregnancy: Empirical evidence and 
theoretical issues to guide interdisciplinary research. 
Duthie, L., & Reynolds, R. M. (2013). Changes in the maternal hypothalamic-pituitary-adrenal 
axis in pregnancy and postpartum: influences on maternal and fetal 
outcomes. Neuroendocrinology, 98(2), 106-115. 
Elenkov, I. J., & Chrousos, G. P. (2002). Stress hormones, proinflammatory and 
antiinflammatory cytokines, and autoimmunity. Annals of the New York Academy of 
Sciences, 966(1), 290-303. 
Elenkov, I. J., Wilder, R. L., Bakalov, V. K., Link, A. A., Dimitrov, M. A., Fisher, S., ... & 
Chrousos, G. P. (2001). IL-12, TNF-α, and hormonal changes during late pregnancy and 
early postpartum: implications for autoimmune disease activity during these times. The 
Journal of Clinical Endocrinology & Metabolism, 86(10), 4933-4938. 
Ellman, L. M., Schetter, C. D., Hobel, C. J., Chicz‐DeMet, A., Glynn, L. M., & Sandman, C. A. 
(2008). Timing of fetal exposure to stress hormones: effects on newborn physical and 
  148 
neuromuscular maturation. Developmental Psychobiology: The Journal of the 
International Society for Developmental Psychobiology, 50(3), 232-241. 
Enders, C. K. (2010). Applied missing data analysis. Guilford press. 
Engel, P. J., Smith, R., Brinsmead, M. W., Bowe, S. J., & Clifton, V. L. (2008). Male sex and 
pre‐existing diabetes are independent risk factors for stillbirth. Australian and New 
Zealand journal of obstetrics and gynaecology, 48(4), 375-383. 
Engel, S. M., Berkowitz, G. S., Wolff, M. S., & Yehuda, R. (2005). Psychological trauma 
associated with the World Trade Center attacks and its effect on pregnancy 
outcome. Paediatric and perinatal epidemiology, 19(5), 334-341. 
Engle, P. L., Scrimshaw, S. C., Zambrana, R. E., & Dunkel-Schetter, C. (1990). Prenatal and 
postnatal anxiety in Mexican women giving birth in Los Angeles. Health 
Psychology, 9(3), 285. 
Enninga, E. A. L., Nevala, W. K., Creedon, D. J., Markovic, S. N., & Holtan, S. G. (2015). Fetal 
sex‐based differences in maternal hormones, angiogenic factors, and immune mediators 
during pregnancy and the postpartum period. American journal of reproductive 
immunology, 73(3), 251-262. 
Entringer, S., Buss, C., Swanson, J. M., Cooper, D. M., Wing, D. A., Waffarn, F., & Wadhwa, P. 
D. (2012). Fetal programming of body composition, obesity, and metabolic function: the 
role of intrauterine stress and stress biology. Journal of nutrition and metabolism, 2012. 
Ernst, G. D., De Jonge, L. L., Hofman, A., Lindemans, J., Russcher, H., Steegers, E. A., & 
Jaddoe, V. W. (2011). C-reactive protein levels in early pregnancy, fetal growth patterns, 
and the risk for neonatal complications: the Generation R Study. American journal of 
obstetrics and gynecology, 205(2), 132-e1. 
Ershler, W. B. (1993). Interleukin‐6: A Cytokine for Gerontolgists. Journal of the American 
Geriatrics Society, 41(2), 176-181. 
Erskine, H. E., Ferrari, A. J., Nelson, P., Polanczyk, G. V., Flaxman, A. D., Vos, T., ... & Scott, J. 
G. (2013). Research Review: Epidemiological modelling of 
attention‐deficit/hyperactivity disorder and conduct disorder for the Global Burden of 
Disease Study 2010. Journal of Child Psychology and Psychiatry, 54(12), 1263-1274. 
Essed, P. (1991). Understanding everyday racism: An interdisciplinary theory (Vol. 2). Sage. 
Faas, M. M., & De Vos, P. (2017). Uterine NK cells and macrophages in 
pregnancy. Placenta, 56, 44-52. 
  149 
Fofie, A. E. (2004). The mechanisms of the attenuated febrile response to bacterial endotoxin 
near the term of pregnancy. 
Fries, E., Hesse, J., Hellhammer, J., & Hellhammer, D. H. (2005). A new view on 
hypocortisolism. Psychoneuroendocrinology, 30(10), 1010-1016. 
Galazios, G., Papazoglou, D., Giagloglou, K., Vassaras, G., Maltezos, E., & Anastasiadis, P. 
(2002). Interleukin-6 levels in umbilical artery serum in normal and abnormal 
pregnancies. International Journal of Gynecology & Obstetrics, 78(2), 147-151. 
Galbally, M., van Rossum, E. F., Watson, S. J., de Kloet, E. R., & Lewis, A. J. (2019). Trans-
generational stress regulation: Mother-infant cortisol and maternal mental health across 
the perinatal period. Psychoneuroendocrinology, 109, 104374. 
Gerber, M., Kalak, N., Elliot, C., Holsboer-Trachsler, E., Pühse, U., & Brand, S. (2013). Both 
hair cortisol levels and perceived stress predict increased symptoms of depression: an 
exploratory study in young adults. Neuropsychobiology, 68(2), 100-109. 
Ghaemmaghami, P., Dainese, S. M., La Marca, R., Zimmermann, R., & Ehlert, U. (2014). The 
association between the acute psychobiological stress response in second trimester 
pregnant women, amniotic fluid glucocorticoids, and neonatal birth 
outcome. Developmental Psychobiology, 56(4), 734-747. 
Giannopoulos, G., Jackson, K., & Tulchinsky, D. (1982). Glucocorticoid metabolism in human 
placenta, decidua, myometrium and fetal membranes. Journal of Steroid 
Biochemistry, 17(4), 371-374. 
Gibbs, R. S., Romero, R., Hillier, S. L., Eschenbach, D. A., & Sweet, R. L. (1992). A review of 
premature birth and subclinical infection. American journal of obstetrics and 
gynecology, 166(5), 1515-1528. 
Giesbrecht, G. F., Campbell, T., Letourneau, N., & APrON Study Team. (2015). Sexually 
dimorphic adaptations in basal maternal stress physiology during pregnancy and 
implications for fetal development. Psychoneuroendocrinology, 56, 168-178. 
Giesbrecht, G. F., Campbell, T., Letourneau, N., Kooistra, L., Kaplan, B., & APrON Study Team. 
(2012). Psychological distress and salivary cortisol covary within persons during 
pregnancy. Psychoneuroendocrinology, 37(2), 270-279. 
Gignac, G. E., & Szodorai, E. T. (2016). Effect size guidelines for individual differences 
researchers. Personality and individual differences, 102, 74-78. 
  150 
Gilman, S. E., Cherkerzian, S., Buka, S. L., Hahn, J., Hornig, M., & Goldstein, J. M. (2016). 
Prenatal immune programming of the sex-dependent risk for major 
depression. Translational psychiatry, 6(5), e822-e822. 
Giscombé, C. L., & Lobel, M. (2005). Explaining disproportionately high rates of adverse birth 
outcomes among African Americans: the impact of stress, racism, and related factors in 
pregnancy. Psychological bulletin, 131(5), 662. 
Gitau, R., Cameron, A., Fisk, N. M., & Glover, V. (1998). Fetal exposure to maternal 
cortisol. The Lancet, 352(9129), 707-708. 
Glover, V. (1997). Maternal stress or anxiety in pregnancy and emotional development of the 
child. The British Journal of Psychiatry, 171(2), 105-106. 
Glover, V., & Hill, J. (2012). Sex differences in the programming effects of prenatal stress on 
psychopathology and stress responses: an evolutionary perspective. Physiology & 
Behavior, 106(5), 736-740. 
Glover, V., O’connor, T. G., & O’Donnell, K. (2010). Prenatal stress and the programming of 
the HPA axis. Neuroscience & Biobehavioral Reviews, 35(1), 17-22. 
Gluckman, P. D., & Hanson, M. A. (2004). Living with the past: evolution, development, and 
patterns of disease. Science, 305(5691), 1733-1736. 
Glynn, L. M., Schetter, C. D., Chicz-DeMet, A., Hobel, C. J., & Sandman, C. A. (2007). Ethnic 
differences in adrenocorticotropic hormone, cortisol and corticotropin-releasing hormone 
during pregnancy. Peptides, 28(6), 1155-1161. 
Glynn, L. M., Schetter, C. D., Hobel, C. J., & Sandman, C. A. (2008). Pattern of perceived stress 
and anxiety in pregnancy predicts preterm birth. Health Psychology, 27(1), 43. 
Glynn, L. M., Wadhwa, P. D., Dunkel-Schetter, C., Chicz-DeMet, A., & Sandman, C. A. (2001). 
When stress happens matters: effects of earthquake timing on stress responsivity in 
pregnancy. American journal of obstetrics and gynecology, 184(4), 637-642. 
Gol, M., Guclu, S., Demir, A., Erata, Y., & Demir, N. (2005). Effect of fetal gender on maternal 
serum human chorionic gonadotropin levels throughout pregnancy. Archives of 
gynecology and obstetrics, 273(2), 90-92. 
Goldenberg, R. L., Hauth, J. C., & Andrews, W. W. (2000). Intrauterine infection and preterm 
delivery. New England journal of medicine, 342(20), 1500-1507. 
  151 
Goldenberg, R. L., Iams, J. D., Mercer, B. M., Meis, P. J., Moawad, A., Das, A., ... & 
Dombrowski, M. P. (2001). The Preterm Prediction Study: toward a multiple-marker test 
for spontaneous preterm birth. American journal of obstetrics and gynecology, 185(3), 
643-651. 
Gomez, R., Ghezzi, F., Romero, R., Muñoz, H., Tolosa, J. E., & Rojas, I. (1995). Premature 
labor and intra-amniotic infection: clinical aspects and role of the cytokines in diagnosis 
and pathophysiology. Clinics in perinatology, 22(2), 281-342. 
Gouin, J. P., Glaser, R., Malarkey, W. B., Beversdorf, D., & Kiecolt-Glaser, J. (2012). Chronic 
stress, daily stressors, and circulating inflammatory markers. Health Psychology, 31(2), 
264. 
Gücer, F., Balkanli-Kaplan, P., Yüksel, M., Yüce, M. A., Türe, M., & Yardim, T. (2001). 
Maternal serum tumor necrosis factor-alpha in patients with preterm labor. The Journal 
of reproductive medicine, 46(3), 232-236. 
Gunnar, M. R., & Fisher, P. A. (2006). Bringing basic research on early experience and stress 
neurobiology to bear on preventive interventions for neglected and maltreated 
children. Development and psychopathology, 18(3), 651-677. 
Gunnar, M., & Quevedo, K. (2007). The neurobiology of stress and development. Annu. Rev. 
Psychol., 58, 145-173. 
Guo, G., Dong, J., Yuan, X., Dong, Z., & Tian, Y. (2013). Clinical evaluation of the levels of 12 
cytokines in serum/plasma under various storage conditions using evidence biochip 
arrays. Molecular Medicine Reports, 7, 775-780. https://doi.org/10.3892/mmr.2013.1263 
Guven, M. A., Coskun, A., Ertas, I. E., Aral, M., Zencırcı, B., & Oksuz, H. (2009). Association 
of maternal serum CRP, IL-6, TNF-α, homocysteine, folic acid and vitamin b12 levels 
with the severity of preeclampsia and fetal birth weight. Hypertension in 
pregnancy, 28(2), 190-200. 
Hacking, D., Watkins, A., Fraser, S., Wolfe, R., & Nolan, T. (2001). Respiratory distress 
syndrome and birth order in premature twins. Archives of Disease in Childhood-Fetal 
and Neonatal Edition, 84(2), F117-F121. 
Hanson, M., Godfrey, K. M., Lillycrop, K. A., Burdge, G. C., & Gluckman, P. D. (2011). 
Developmental plasticity and developmental origins of non-communicable disease: 
theoretical considerations and epigenetic mechanisms. Progress in biophysics and 
molecular biology, 106(1), 272-280. 
  152 
Hedegaard, M., Henriksen, T. B., Secher, N. J., Hatch, M. C., & Sabroe, S. (1996). Do stressful 
life events affect duration of gestation and risk of preterm delivery?. Epidemiology, 339-
345. 
Hennessy, A., Pilmore, H. L., Simmons, L. A., & Painter, D. M. (1999). A deficiency of 
placental IL-10 in preeclampsia. The Journal of Immunology, 163(6), 3491-3495. 
Herrera, J. A., Alvarado, J. P., & Martinez, J. E. (1988). The psychosocial environment and the 
cellular immunity in the pregnant patient. Stress Medicine, 4(1), 49-56. 
Hillhouse, E. W., Grammatopoulos, D., Milton, N. G., & Quartero, H. W. (1993). The 
identification of a human myometrial corticotropin-releasing hormone receptor that 
increases in affinity during pregnancy. The Journal of Clinical Endocrinology & 
Metabolism, 76(3), 736-741. 
Hobel, C. J., Arora, C. P., & Korst, L. M. (1999). Corticotrophin‐releasing hormone and 
CRH‐binding protein: Differences between patients at risk for preterm birth and 
hypertension. Annals of the New York Academy of Sciences, 897(1), 54-65. 
Hobel, C. J., Goldstein, A., & Barrett, E. S. (2008). Psychosocial stress and pregnancy 
outcome. Clinical obstetrics and gynecology, 51(2), 333-348. 
Hobel, C., & Culhane, J. (2003). Role of psychosocial and nutritional stress on poor pregnancy 
outcome. The Journal of nutrition, 133(5), 1709S-1717S. 
Hollander, D. (2005). Women in their 30s are the most likely to experience adverse birth 
outcomes if jailed during pregnancy. Perspectives on Sexual and Reproductive 
Health, 37(1), 48. 
Howerton, C. L., & Bale, T. L. (2012). Prenatal programing: at the intersection of maternal stress 
and immune activation. Hormones and behavior, 62(3), 237-242. 
Hsu, P., Santner-Nanan, B., Dahlstrom, J. E., Fadia, M., Chandra, A., Peek, M., & Nanan, R. 
(2012). Altered decidual DC-SIGN+ antigen-presenting cells and impaired regulatory T-
cell induction in preeclampsia. The American journal of pathology, 181(6), 2149-2160.  
doi: 10.1016/j.ajpath.2012.08.032 
Hu, L. T., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance structure analysis: 
Conventional criteria versus new alternatives. Structural equation modeling: a 
multidisciplinary journal, 6(1), 1-55. 
  153 
Huizink, A. C., Delforterie, M. J., Scheinin, N. M., Tolvanen, M., Karlsson, L., & Karlsson, H. 
(2016). Adaption of pregnancy anxiety questionnaire–revised for all pregnant women 
regardless of parity: PRAQ-R2. Archives of women's mental health, 19(1), 125-132.  
Hvilsom, G. B., Thorsen, P., Jeune, B., & Bakketeig, L. S. (2002). C-reactive protein: a 
serological marker for preterm delivery?. Acta obstetricia et gynecologica 
Scandinavica, 81(5), 424-424. 
Jackson, D. L., Gillaspy Jr, J. A., & Purc-Stephenson, R. (2009). Reporting practices in 
confirmatory factor analysis: an overview and some recommendations. Psychological 
methods, 14(1), 6. 
Jackson, F. M., Phillips, M. T., Hogue, C. J. R., & Curry-Owens, T. Y. (2001). Examining the 
burdens of gendered racism: Implications for pregnancy outcomes among college-
educated African American women. Maternal and Child Health Journal, 5(2), 95-107. 
Jaremka, L. M., Lindgren, M. E., & Kiecolt‐Glaser, J. K. (2013). Synergistic relationships 
among stress, depression, and troubled relationships: insights from 
psychoneuroimmunology. Depression and anxiety, 30(4), 288-296. 
Jung, C., Ho, J. T., Torpy, D. J., Rogers, A., Doogue, M., Lewis, J. G., ... & Inder, W. J. (2011). 
A longitudinal study of plasma and urinary cortisol in pregnancy and postpartum. The 
Journal of Clinical Endocrinology & Metabolism, 96(5), 1533-1540. 
Kalra, S., Einarson, A., Karaskov, T., Van Uum, S., & Koren, G. (2007). The relationship 
between stress and hair cortisol in healthy pregnant women. Clinical and Investigative 
Medicine, E103-E107. 
Kane, H. S., Schetter, C. D., Glynn, L. M., Hobel, C. J., & Sandman, C. A. (2014). Pregnancy 
anxiety and prenatal cortisol trajectories. Biological psychology, 100, 13-19. 
Karlén, J., Ludvigsson, J., Frostell, A., Theodorsson, E., & Faresjö, T. (2011). Cortisol in hair 
measured in young adults-a biomarker of major life stressors?. BMC clinical 
pathology, 11(1), 1-6. 
Kaukola, T., Herva, R., Perhomaa, M., Pääkkö, E., Kingsmore, S., Vainionpää, L., & Hallman, 
M. (2006). Population cohort associating chorioamnionitis, cord inflammatory cytokines 
and neurologic outcome in very preterm, extremely low birth weight infants. Pediatric 
research, 59(3), 478-483. 
Kelcey, B., Cox, K., & Dong, N. (2021). Croon’s bias-corrected factor score path analysis for 
small-to moderate-sample multilevel structural equation models. Organizational research 
methods, 24(1), 55-77. 
  154 
Kenny, D. (2020). Measuring model fit. http://www.davidakenny.net/cm/fit.htm 
Khamashta, M. A., Ruiz-Irastorza, G., & Hughes, G. R. (1997). Systemic lupus erythematosus 
flares during pregnancy. Rheumatic Disease Clinics of North America, 23(1), 15-30. 
Khashan, A. S., McNamee, R., Abel, K. M., Pedersen, M. G., Webb, R. T., Kenny, L. C., ... & 
Baker, P. N. (2008). Reduced infant birthweight consequent upon maternal exposure to 
severe life events. Psychosomatic medicine, 70(6), 688-694. 
Kiecolt-Glaser, J. K., & Glaser, R. (1992). Psychoneuroimmunology: Can psychological 
interventions modulate immunity? Journal of consulting and clinical psychology, 60(4), 
569. 
Kim, M. Y., Kim, G. U., & Son, H. K. (2020). Hair cortisol concentrations as a biological 
marker of maternal prenatal stress: a systematic review. International Journal of 
Environmental Research and Public Health, 17(11), 4002. 
King, S., Dancause, K., Turcotte‐Tremblay, A. M., Veru, F., & Laplante, D. P. (2012). Using 
natural disasters to study the effects of prenatal maternal stress on child health and 
development. Birth Defects Research Part C: Embryo Today: Reviews, 96(4), 273-288. 
Kinney, D. K., Munir, K. M., Crowley, D. J., & Miller, A. M. (2008). Prenatal stress and risk for 
autism. Neuroscience & Biobehavioral Reviews, 32(8), 1519-1532. 
Kirschbaum, C., Tietze, A., Skoluda, N., & Dettenborn, L. (2009). Hair as a retrospective 
calendar of cortisol production—increased cortisol incorporation into hair in the third 
trimester of pregnancy. Psychoneuroendocrinology, 34(1), 32-37. 
Kivlighan, K. T., DiPietro, J. A., Costigan, K. A., & Laudenslager, M. L. (2008). Diurnal rhythm 
of cortisol during late pregnancy: associations with maternal psychological well-being 
and fetal growth. Psychoneuroendocrinology, 33(9), 1225-1235. 
Klonoff, E. A., & Landrine, H. (1995). The Schedule of Sexist Events: A measure of lifetime and 
recent sexist discrimination in women's lives. Psychology of Women Quarterly, 19(4), 
439-470. 
Klonoff, E. A., Landrine, H., & Ullman, J. B. (1999). Racial discrimination and psychiatric 
symptoms among Blacks. Cultural diversity and ethnic minority psychology, 5(4), 329. 
Kluft, C., & de Maat, M. P. M. (2002). Sensitive markers of inflammation make it possible to 
study the chronic process: the rise of interest in low levels of C-reactive protein. Vascular 
pharmacology, 39(3), 99-104. 
  155 
Koehl, M., Darnaudéry, M., Dulluc, J., Van Reeth, O., Moal, M. L., & Maccari, S. (1999). 
Prenatal stress alters circadian activity of hypothalamo–pituitary–adrenal axis and 
hippocampal corticosteroid receptors in adult rats of both gender. Journal of 
neurobiology, 40(3), 302-315. 
Kramer, M. S., Lydon, J., Séguin, L., Goulet, L., Kahn, S. R., McNamara, H., ... & Platt, R. W. 
(2009). Stress pathways to spontaneous preterm birth: the role of stressors, psychological 
distress, and stress hormones. American journal of epidemiology, 169(11), 1319-1326. 
Kuzawa, C. W., Fried, R. L., Borja, J. B., & McDade, T. W. (2017). Maternal pregnancy C-
reactive protein predicts offspring birth size and body composition in metropolitan Cebu, 
Philippines. Journal of developmental origins of health and disease, 8(6), 674-681. 
Lagraauw, H. M., Kuiper, J., & Bot, I. (2015). Acute and chronic psychological stress as risk 
factors for cardiovascular disease: Insights gained from epidemiological, clinical and 
experimental studies. Brain, behavior, and immunity, 50, 18-30. 
Laraia, B., Epel, E., & Siega-Riz, A. M. (2013). Food insecurity with past experience of 
restrained eating is a recipe for increased gestational weight gain. Appetite, 65, 178-184. 
Laskowska, M., Laskowska, K., Leszczyńska-Gorzelak, B., & Oleszczuk, J. (2007). 
Comparative analysis of the maternal and umbilical interleukin-8 levels in normal 
pregnancies and in pregnancies complicated by preeclampsia with intrauterine normal 
growth and intrauterine growth retardation. The Journal of Maternal-Fetal & Neonatal 
Medicine, 20(7), 527-532. 
Lazarus, R. S. (1966). Psychological stress and the coping process. 
Lazarus, R. S. (1991). Progress on a cognitive-motivational-relational theory of 
emotion. American psychologist, 46(8), 819. 
Lazarus, R. S. (1999). Hope: An emotion and a vital coping resource against despair. Social 
research, 653-678. 
Lazarus, R. S., & Folkman, S. (1984). Stress, appraisal, and coping. Springer publishing 
company. 
Le Bouteiller, P., & Bensussan, A. (2017). Up-and-down immunity of pregnancy in 
humans. F1000Research, 6. doi: 10.12688/f1000research.11690.1   
Lee, E. H. (2012). Review of the psychometric evidence of the perceived stress scale. Asian 
nursing research, 6(4), 121-127. 
  156 
Leff, M., Orleans, M., Haverkamp, A. D., Barónt, A. E., Alderman, B. W., & Freedman, W. L. 
(1992). The association of maternal low birthweight and infant low birthweight in a 
racially mixed population. Paediatric and perinatal epidemiology, 6(1), 51-61. 
Lemaire, V., Koehl, M., Le Moal, M., & Abrous, D. N. (2000). Prenatal stress produces learning 
deficits associated with an inhibition of neurogenesis in the hippocampus. Proceedings of 
the National Academy of Sciences, 97(20), 11032-11037. 
Leng, S. X., McElhaney, J. E., Walston, J. D., Xie, D., Fedarko, N. S., & Kuchel, G. A. (2008). 
ELISA and multiplex technologies for cytokine measurement in inflammation and aging 
research. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences, 63(8), 879-884. 
Levi, R., Lundberg, U., Hanson, U., & Frankenhacuser, M. (1989). Anxiety during pregnancy 
after the Chernobyl accident as related to obstetric outcome. Journal of Psychosomatic 
Obstetrics & Gynecology, 10(3), 221-230. 
Li, Y., Rosemberg, M. A. S., & Seng, J. S. (2018). Allostatic load: A theoretical model for 
understanding the relationship between maternal posttraumatic stress disorder and 
adverse birth outcomes. Midwifery, 62, 205-213. 
Livingston, I. L., Otado, J. A., & Warren, C. (2003). Stress, adverse pregnancy outcomes, and 
African-American females. Journal of the National Medical Association, 95(11), 1103. 
Lobel, M., Cannella, D. L., Graham, J. E., DeVincent, C., Schneider, J., & Meyer, B. A. (2008). 
Pregnancy-related stress, prenatal health behaviors, and birth outcomes. Health 
psychology, 27(5), 604. 
Lobel, M., Dunkel-Schetter, C., & Scrimshaw, S. C. (1992). Prenatal maternal stress and 
prematurity: a prospective study of socioeconomically disadvantaged women. Health 
psychology, 11(1), 32. 
Lohsoonthorn, V., Qiu, C., & Williams, M. A. (2007). Maternal serum C-reactive protein 
concentrations in early pregnancy and subsequent risk of preterm delivery. Clinical 
biochemistry, 40(5-6), 330-335. 
Lupien, S. J., McEwen, B. S., Gunnar, M. R., & Heim, C. (2009). Effects of stress throughout the 
lifespan on the brain, behaviour and cognition. Nature reviews neuroscience, 10(6), 434-
445. 
Maccari, S., Piazza, P. V., Kabbaj, M., Barbazanges, A., Simon, H., & Le Moal, M. (1995). 
Adoption reverses the long-term impairment in glucocorticoid feedback induced by 
prenatal stress. Journal of Neuroscience, 15(1), 110-116. 
  157 
Majzoub, J. A., & Karalis, K. P. (1999). Placental corticotropin-releasing hormone: function and 
regulation. American journal of obstetrics and gynecology, 180(1), S242-S246. 
Mak, T. W., & Saunders, M. E. (2006). The immune response. Part I: Basic Immunology, 373-
401. 
Malenka, R. C., Nestler, E. J., & Hyman, S. E. (2009). Neural and neuroendocrine control of the 
internal milieu. Molecular neuropharmacology: a foundation for clinical 
neuroscience, 246, 248-259. 
Mancuso, R. A., Schetter, C. D., Rini, C. M., Roesch, S. C., & Hobel, C. J. (2004). Maternal 
prenatal anxiety and corticotropin-releasing hormone associated with timing of 
delivery. Psychosomatic Medicine, 66(5), 762-769. 
Manenschijn, L., Koper, J. W., Lamberts, S. W., & Van Rossum, E. F. (2011). Evaluation of a 
method to measure long term cortisol levels. Steroids, 76(10-11), 1032-1036. 
Maric, N. P., Dunjic, B., Stojiljkovic, D. J., Britvic, D., & Jasovic-Gasic, M. (2010). Prenatal 
stress during the 1999 bombing associated with lower birth weight—a study of 3,815 
births from Belgrade. Archives of women's mental health, 13(1), 83-89. 
Marshall Jr, G. D., & Agarwal, S. K. (2000, July). Stress, immune regulation, and immunity: 
applications for asthma. In Allergy and asthma proceedings (Vol. 21, No. 4, p. 241). 
OceanSide Publications. 
Martin, J. A., Hamilton, B. E., Osterman, M. J., & Driscoll, A. K. (2019). Births: final data for 
2018. National vital statistics reports; vol 68 no 13. Hyattsville, MD: National Center for 
Health Statistics. 2019. 
Marzi, M., Vigano, A., Trabattoni, D., Villa, M. L., Salvaggio, A., Clerici, E., & Clerici, M. 
(1996). Characterization of type 1 and type 2 cytokine production profile in physiologic 
and pathologic human pregnancy. Clinical & Experimental Immunology, 106(1), 127-133. 
Matoba, N., Yallapragada, S., Davis, M. M., Ernst, L. M., Collins, J. W., & Mestan, K. K. (2019). 
Racial differences in placental pathology among very preterm births. Placenta, 83, 37-42. 
Matthey, S., Fisher, J., & Rowe, H. (2013). Using the Edinburgh postnatal depression scale to 
screen for anxiety disorders: conceptual and methodological considerations. Journal of 
Affective Disorders, 146(2), 224-230.  
Maydych, V. (2019). The interplay between stress, inflammation, and emotional attention: 
relevance for depression. Frontiers in neuroscience, 13, 384. 
  158 
Mazor, M., Chaim, W., Hershkowitz, R., Levy, J., Leiberman, J. R., & Glezerman, M. (1994). 
Association between preterm birth and increased maternal plasma cortisol 
concentrations. Obstetrics and gynecology, 84(4), 521-524. 
McEwen, B. S. (1998). Stress, adaptation, and disease: Allostasis and allostatic load. Annals of 
the New York academy of sciences, 840(1), 33-44. 
McEwen, B. S. (2000). Allostasis and allostatic load: implications for 
neuropsychopharmacology. Neuropsychopharmacology, 22(2), 108-124. 
Merlot, E., Couret, D., & Otten, W. (2008). Prenatal stress, fetal imprinting and immunity. Brain, 
behavior, and immunity, 22(1), 42-51. 
Meyer, J. S., & Novak, M. A. (2012). Minireview: hair cortisol: a novel biomarker of 
hypothalamic-pituitary-adrenocortical activity. Endocrinology, 153(9), 4120-4127. 
Mitchell, A. M., Palettas, M., & Christian, L. M. (2017). Fetal sex is associated with maternal 
stimulated cytokine production, but not serum cytokine levels, in human 
pregnancy. Brain, behavior, and immunity, 60, 32-37. 
Moafi, F., Dolatian, M., Keshavarz, Z., Alavi, M. H., & Dejman, M. (2013). Association 
between social support and maternal stress with preeclampsia. 
Monk, C., Lugo-Candelas, C., & Trumpff, C. (2019). Prenatal developmental origins of future 
psychopathology: mechanisms and pathways. Annual review of clinical psychology, 15, 
317-344. 
Morey, J. N., Boggero, I. A., Scott, A. B., & Segerstrom, S. C. (2015). Current Directions in 
Stress and Human Immune Function. Current opinion in psychology, 5, 13–17. 
https://doi-org.libproxy.lib.unc.edu/10.1016/j.copsyc.2015.03.007 
Morley, R., Owens, J., Blair, E., & Dwyer, T. (2002). Is birthweight a good marker for 
gestational exposures that increase the risk of adult disease? Paediatric and perinatal 
epidemiology, 16(3), 194-199. 
Mullen, M. R. (1995). Diagnosing measurement equivalence in cross-national research. Journal 
of International Business Studies, 26(3), 573-596. 
Murphy, V., Smith, R., Giles, W., & Clifton, V. (2006). The role of the mother, placenta, and 
fetus in the control of fetal growth during human pregnancy. Taylor & Francis. 
  159 
Musana, J. W., Cohen, C. R., Kuppermann, M., Gerona, R., Wanyoro, A., Aguilar, D., ... & 
Weiss, S. J. (2020). Association of differential symptoms of stress to hair cortisol and 
cortisone concentrations among pregnant women in Kenya. Stress, 23(5), 556-566. 
Muthén, L. K., & Muthén, B. O. (1998-2017). Mplus User's Guide. Eighth Edition. Los Angeles, 
CA: Muthén & Muthén. 
Muthén, L. K., & Muthén, B. O. (2002). How to use a Monte Carlo study to decide on sample 
size and determine power. Structural equation modeling, 9(4), 599-620. 
Nathan, C. (2002). Points of control in inflammation. Nature, 420(6917), 846-852. 
Nazzari, S., Fearon, P., Rice, F., Dottori, N., Ciceri, F., Molteni, M., & Frigerio, A. (2019). 
Beyond the HPA-axis: Exploring maternal prenatal influences on birth outcomes and 
stress reactivity. Psychoneuroendocrinology, 101, 253-262. 
Newcomb, M. D. (1990). What structural equation modeling can tell us about social support. In 
B. R. Sarason, I. G. Sarason, & G. R. Pierce (Eds.), Social support: An interactional 
view (pp. 26–63). John Wiley & Sons. 
Nieto-Diaz, A., Villar, J., Matorras-Weinig, R., & Valenzuela-Ruiz, P. (1996). Intrauterine 
growth retardation at term: association between anthropometric and endocrine 
parameters. Acta obstetricia et gynecologica Scandinavica, 75(2), 127-131. 
Novikova, S. I., Richman, D. M., Supekar, K., Barnard-Brak, L., & Hall, D. (2013). NDAR: A 
model federal system for secondary analysis in developmental disabilities research. 
In International review of research in developmental disabilities (Vol. 45, pp. 123-153). 
Academic Press. 
Nyirenda, M. J., Welberg, L. A. M., & Seckl, J. R. (2001). Programming hyperglycaemia in the 
rat through prenatal exposure to glucocorticoids-fetal effect or maternal 
influence?. Journal of Endocrinology, 170(3), 653-660. 
O'Brien, K. M., Tronick, E. Z., & Moore, C. L. (2013). Relationship between hair cortisol and 
perceived chronic stress in a diverse sample. Stress and Health, 29(4), 337-344. 
O'Connor, T. G., Bergman, K., Sarkar, P., & Glover, V. (2013). Prenatal cortisol exposure 
predicts infant cortisol response to acute stress. Developmental psychobiology, 55(2), 
145-155. 
O’Donnell, K. J., Jensen, A. B., Freeman, L., Khalife, N., O’Connor, T. G., & Glover, V. (2012). 
Maternal prenatal anxiety and downregulation of placental 11β-
HSD2. Psychoneuroendocrinology, 37(6), 818-826. 
  160 
O’Donnell, K., O’Connor, T. G., & Glover, V. (2009). Prenatal stress and neurodevelopment of 
the child: focus on the HPA axis and role of the placenta. Developmental 
neuroscience, 31(4), 285-292. 
O'Leary, A. (1990). Stress, emotion, and human immune function. Psychological bulletin, 108(3), 
363. 
Obel, C., Hedegaard, M., Henriksen, T. B., Secher, N. J., Olsen, J., & Levine, S. (2005). Stress 
and salivary cortisol during pregnancy. Psychoneuroendocrinology, 30(7), 647-656. 
Ornoy, A. (2011). Prenatal origin of obesity and their complications: Gestational diabetes, 
maternal overweight and the paradoxical effects of fetal growth restriction and 
macrosomia. Reproductive toxicology, 32(2), 205-212. 
Orr, S. T., James, S. A., Miller, C. A., Barakat, B., Daikoku, N., Pupkin, M., ... & Huggins, G. 
(1996). Psychosocial stressors and low birthweight in an urban population. American 
journal of preventive medicine, 12(6), 459-466. 
Orr, S. T., Reiter, J. P., Blazer, D. G., & James, S. A. (2007). Maternal prenatal pregnancy-
related anxiety and spontaneous preterm birth in Baltimore, Maryland. Psychosomatic 
medicine, 69(6), 566-570. 
Orsi, N. M., & Tribe, R. M. (2008). Cytokine networks and the regulation of uterine function in 
pregnancy and parturition. Journal of neuroendocrinology, 20(4), 462-469. 
Orta, O. R., Gelaye, B., Bain, P. A., & Williams, M. A. (2018). The association between 
maternal cortisol and depression during pregnancy, a systematic review. Archives of 
women's mental health, 21(1), 43-53. 
Orta, O. R., Tworoger, S. S., Terry, K. L., Coull, B. A., Gelaye, B., Kirschbaum, C., ... & 
Williams, M. A. (2018). An evaluation of distal hair cortisol concentrations collected at 
delivery. Stress, 21(4), 355-365. 
Oskvig, D. B., Elkahloun, A. G., Johnson, K. R., Phillips, T. M., & Herkenham, M. (2012). 
Maternal immune activation by LPS selectively alters specific gene expression profiles of 
interneuron migration and oxidative stress in the fetus without triggering a fetal immune 
response. Brain, behavior, and immunity, 26(4), 623-634. 
Paige, D. M., & Villar, J. (1982). Maternal and fetal nutrition. Pediatric nutrition infant feedings-
deficiencies-diseases. Nes York: Marcel Dekker, 19(2), 3-34. 
Paneth, N. S. (1995). The problem of low birth weight. The Future of Children, 19-34. 
  161 
Paternoster, D. M., Stella, A., Gerace, P., Manganelli, F., Plebani, M., Snijders, D., & Nicolini, 
U. (2002). Biochemical markers for the prediction of spontaneous pre-term 
birth. International Journal of Gynecology & Obstetrics, 79(2), 123-129. 
Paul, K., Boutain, D., Agnew, K., Thomas, J., & Hitti, J. (2008). The relationship between racial 
identity, income, stress and C-reactive protein among parous women: implications for 
preterm birth disparity research. Journal of the National Medical Association, 100(5), 
540-546. 
Peacock, J. L., Bland, J. M., & Anderson, H. R. (1995). Preterm delivery: effects of 
socioeconomic factors, psychological stress, smoking, alcohol, and 
caffeine. Bmj, 311(7004), 531-535. 
Pearce, B. D., Grove, J., Bonney, E. A., Bliwise, N., Dudley, D. J., Schendel, D. E., & Thorsen, 
P. (2010). Interrelationship of cytokines, hypothalamic-pituitary-adrenal axis hormones, 
and psychosocial variables in the prediction of preterm birth. Gynecologic and obstetric 
investigation, 70(1), 40-46. 
Peña, C. J., Monk, C., & Champagne, F. A. (2012). Epigenetic effects of prenatal stress on 11β-
hydroxysteroid dehydrogenase-2 in the placenta and fetal brain. PloS one, 7(6), e39791. 
Petraglia, F., Potter, E., Cameron, V. A., Sutton, S., Behan, D. P., Woods, R. J., ... & Vale, W. 
(1993). Corticotropin-releasing factor-binding protein is produced by human placenta and 
intrauterine tissues. The Journal of Clinical Endocrinology & Metabolism, 77(4), 919-
924. 
Pettersson, E., Sjölander, A., Almqvist, C., Anckarsäter, H., D'Onofrio, B. M., Lichtenstein, P., 
& Larsson, H. (2015). Birth weight as an independent predictor of ADHD symptoms: a 
within‐twin pair analysis. Journal of Child Psychology and Psychiatry, 56(4), 453-459. 
Pitiphat, W., Gillman, M. W., Joshipura, K. J., Williams, P. L., Douglass, C. W., & Rich-
Edwards, J. W. (2005). Plasma C-reactive protein in early pregnancy and preterm 
delivery. American journal of epidemiology, 162(11), 1108-1113. 
Pluess, M., Wurmser, H., Buske-Kirschbaum, A., Papousek, M., Pirke, K. M., Hellhammer, D., 
& Bolten, M. (2012). Positive life events predict salivary cortisol in pregnant 
women. Psychoneuroendocrinology, 37(8), 1336-1340. 
Pritchard, C. W., & Mfphm, P. T. (1994). Preterm birth, low birthweight and the stressfulness of 
the household role for pregnant women. Social Science & Medicine, 38(1), 89-96. 
  162 
Rabiepoor, S., Abedi, M., Saboory, E., & Khalkhali, H. R. (2019). Stress during pregnancy 
affected neonatal outcomes and changed cortisol and leptin levels both in mothers and 
newborns. Journal of neonatal-perinatal medicine, 12(2), 209-219. 
Rabin, B. S., & Rabin, B. C. (1999). Stress, immune function, and health: The connection. 
Wiley-Liss. 
Rabin, B. S., Cohen, S., Ganguli, R., Lysle, D. T., & Cunnick, J. E. (1989). Bidirectional 
interaction between the central nervous system and the immune system. Crit Rev 
Immunol, 9(4), 279-312. 
Raghupathy, R., Al Mutawa, E., Makhseed, M. A., Al‐Azemi, M., & Azizieh, F. (2007). 
Redirection of cytokine production by lymphocytes from women with pre‐term delivery 
by dydrogesterone. American Journal of Reproductive Immunology, 58(1), 31-38. 
Ragsdale, H. B., Kuzawa, C. W., Borja, J. B., Avila, J. L., & McDade, T. W. (2019). Regulation 
of inflammation during gestation and birth outcomes: Inflammatory cytokine balance 
predicts birth weight and length. American Journal of Human Biology, 31(3), e23245. 
Retnakaran, R., Ye, C., Hanley, A. J., Connelly, P. W., Sermer, M., Zinman, B., & Hamilton, J. 
K. (2012). Effect of maternal weight, adipokines, glucose intolerance and lipids on infant 
birth weight among women without gestational diabetes mellitus. Cmaj, 184(12), 1353-
1360. 
Rich-Edwards, J. W., & Grizzard, T. A. (2005). Psychosocial stress and neuroendocrine 
mechanisms in preterm delivery. American journal of obstetrics and gynecology, 192(5), 
S30-S35. 
Rini, C. K., Dunkel-Schetter, C., Wadhwa, P. D., & Sandman, C. A. (1999). Psychological 
adaptation and birth outcomes: the role of personal resources, stress, and sociocultural 
context in pregnancy. Health Psychology, 18(4), 333. 
Roberti, J. W., Harrington, L. N., & Storch, E. A. (2006). Further psychometric support for the 
10‐item version of the perceived stress scale. Journal of College Counseling, 9(2), 135-
147. 
Roesch, S. C., Schetter, C. D., Woo, G., & Hobel, C. J. (2004). Modeling the types and timing of 
stress in pregnancy. Anxiety, Stress & Coping, 17(1), 87-102. 
Rogers, E. E., & Piecuch, R. E. (2009). Neurodevelopmental outcomes of infants who 
experience intrauterine growth restriction. NeoReviews, 10(3), e100-e112. 
  163 
Romero, R., Espinoza, J., Gonçalves, L. F., Kusanovic, J. P., Friel, L. A., & Nien, J. K. (2006, 
October). Inflammation in preterm and term labour and delivery. In Seminars in Fetal 
and Neonatal Medicine (Vol. 11, No. 5, pp. 317-326). WB Saunders. 
Romero, R., Gotsch, F., Pineles, B., & Kusanovic, J. P. (2007). Inflammation in pregnancy: its 
roles in reproductive physiology, obstetrical complications, and fetal injury. Nutrition 
reviews, 65(suppl_3), S194-S202. 
RStudio Team (2021). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA 
URL http://www.rstudio.com/. 
Ruiz, F. S., Andersen, M. L., Martins, R. C., Zager, A., Lopes, J. D., & Tufik, S. (2012). Immune 
alterations after selective rapid eye movement or total sleep deprivation in healthy male 
volunteers. Innate immunity, 18(1), 44-54. 
Saito, S. (2000). Cytokine network at the feto-maternal interface. Journal of reproductive 
immunology, 47(2), 87-103. 
Sandman, C. A., Glynn, L., Schetter, C. D., Wadhwa, P., Garite, T., Chicz-DeMet, A., & Hobel, 
C. (2006). Elevated maternal cortisol early in pregnancy predicts third trimester levels of 
placental corticotropin releasing hormone (CRH): priming the placental 
clock. peptides, 27(6), 1457-1463. 
Sandman, C. A., Wadhwa, P. D., Chicz-Demet, A., Dunkel-Schetter, C., & Porto, M. (1997). 
Maternal Stress, HPA Activity, and Fetal/Infant Outcome a. Annals of the New York 
Academy of Sciences, 814(1), 266-275. 
Sauvé, B., Koren, G., Walsh, G., Tokmakejian, S., & Van Uum, S. H. (2007). Measurement of 
cortisol in human hair as a biomarker of systemic exposure. Clinical and Investigative 
Medicine, E183-E191. 
Sawilowsky, S. S. (2009). New effect size rules of thumb. Journal of Modern Applied Statistical 
Methods, 8(2), 26. 
Schauenstein, K., Faessler, R., Dietrich, H., Schwarz, S., Kroemer, G., & Wick, G. (1987). 
Disturbed immune-endocrine communication in autoimmune disease. Lack of 
corticosterone response to immune signals in obese strain chickens with spontaneous 
autoimmune thyroiditis. The Journal of Immunology, 139(6), 1830-1833. 
Schetter, C. D., & Tanner, L. (2012). Anxiety, depression and stress in pregnancy: implications 
for mothers, children, research, and practice. Current opinion in psychiatry, 25(2), 141. 
  164 
Schneider, S., Freerksen, N., Maul, H., Roehrig, S., Fischer, B., & Hoeft, B. (2011). Risk groups 
and maternal-neonatal complications of preeclampsia–current results from the national 
German Perinatal Quality Registry. Journal of perinatal medicine, 39(3), 257-265. 
Schreier, H. M., Bosquet Enlow, M., Ritz, T., Coull, B. A., Gennings, C., Wright, R. O., & 
Wright, R. J. (2016). Lifetime exposure to traumatic and other stressful life events and 
hair cortisol in a multi-racial/ethnic sample of pregnant women. Stress, 19(1), 45-52. 
Schumacher, A., Sharkey, D. J., Robertson, S. A., & Zenclussen, A. C. (2018). Immune cells at 
the fetomaternal interface: how the microenvironment modulates immune cells to foster 
fetal development. The Journal of Immunology, 201(2), 325-334. 
Seckl, J. R. (1997). Glucocorticoids, feto-placental 11β-hydroxysteroid dehydrogenase type 2, 
and the early life origins of adult disease. Steroids, 62(1), 89-94. 
Seckl, J. R., & Meaney, M. J. (2004). Glucocorticoid programming. Annals of the New York 
Academy of Sciences, 1032(1), 63-84. 
Segerstrom, S. C., & Miller, G. E. (2004). Psychological stress and the human immune system: a 
meta-analytic study of 30 years of inquiry. Psychological bulletin, 130(4), 601. 
Shea, A. K., Streiner, D. L., Fleming, A., Kamath, M. V., Broad, K., & Steiner, M. (2007). The 
effect of depression, anxiety and early life trauma on the cortisol awakening response 
during pregnancy: preliminary results. Psychoneuroendocrinology, 32(8-10), 1013-1020. 
Short, S. J., Stalder, T., Marceau, K., Entringer, S., Moog, N. K., Shirtcliff, E. A., ... & Buss, C. 
(2016). Correspondence between hair cortisol concentrations and 30-day integrated daily 
salivary and weekly urinary cortisol measures. Psychoneuroendocrinology, 71, 12-18. 
Shurin, M. R., Zhou, D. H., Kusnecov, A., Rassnick, S., & Rabin, B. S. (1994). Effect of one or 
more footshocks on spleen and blood lymphocyte proliferation in rats. Brain, behavior, 
and immunity, 8(1), 57-65. 
Sloboda, D. M., Moss, T. J., Gurrin, L. C., Newnham, J. P., & Challis, J. R. G. (2002). The effect 
of prenatal betamethasone administration on postnatal ovine hypothalamic-pituitary-
adrenal function. Journal of Endocrinology, 172(1), 71-82. 
Smith, R., Mesiano, S., & McGrath, S. (2002). Hormone trajectories leading to human 
birth. Regulatory peptides, 108(2-3), 159-164. 
Smy, L., Shaw, K., Amstutz, U., Smith, A., Berger, H., Carleton, B., & Koren, G. (2016). Hair 
cortisol as a hypothalamic-pituitary-adrenal axis biomarker in pregnant women with 
asthma: a retrospective observational study. BMC pregnancy and childbirth, 16(1), 1-10. 
  165 
Solomon, G. F., & Moos, R. H. (1964). Emotions, immunity, and disease: A speculative 
theoretical integration. Archives of General Psychiatry, 11(6), 657-674. 
Spiga, F., & Lightman, S. L. (2020). Rhythms of stress resilience. In Stress Resilience (pp. 107-
117). Academic Press. 
Sproston, N. R., & Ashworth, J. J. (2018). Role of C-reactive protein at sites of inflammation and 
infection. Frontiers in immunology, 9, 754. 
Stalla, G. K., Bost, H., Stalk, J., Kaliebe, T., Dörr, H. G., Pfeiffer, D., ... & Müller, O. A. (1989). 
Human corticotropin-releasing hormone during pregnancy. Gynecological 
Endocrinology, 3(1), 1-10. 
Steenkamp, J. B. E., & Baumgartner, H. (1998). Assessing measurement invariance in cross-
national consumer research. Journal of consumer research, 25(1), 78-90. 
Steiger, J. H. (1980). Statistically based tests for the number of common factors. In the annual 
meeting of the Psychometric Society. Iowa City, IA. 1980. 
Stein, J. A., Lu, M. C., & Gelberg, L. (2000). Severity of homelessness and adverse birth 
outcomes. Health Psychology, 19(6), 524. 
Sternberg, E. M., Hill, J. M., Chrousos, G. P., Kamilaris, T., Listwak, S. J., Gold, P. W., & 
Wilder, R. L. (1989). Inflammatory mediator-induced hypothalamic-pituitary-adrenal 
axis activation is defective in streptococcal cell wall arthritis-susceptible Lewis 
rats. Proceedings of the National Academy of Sciences, 86(7), 2374-2378. 
Stevenson, D. K., Verter, J., Fanaroff, A. A., Oh, W., Ehrenkranz, R. A., Shankaran, S., ... & 
Papile, L. A. (2000). Sex differences in outcomes of very low birthweight infants: the 
newborn male disadvantage. Archives of disease in childhood-fetal and neonatal 
edition, 83(3), F182-F185. 
Stewart, C. P., Oaks, B. M., Laugero, K. D., Ashorn, U., Harjunmaa, U., Kumwenda, C., ... & 
Dewey, K. G. (2015). Maternal cortisol and stress are associated with birth outcomes, but 
are not affected by lipid-based nutrient supplements during pregnancy: an analysis of data 
from a randomized controlled trial in rural Malawi. BMC pregnancy and childbirth, 15(1), 
1-12. 
Straub, R. H., & Cutolo, M. (2001). Involvement of the hypothalamic--pituitary--adrenal/gonadal 
axis and the peripheral nervous system in rheumatoid arthritis: viewpoint based on a 
systemic pathogenetic role. Arthritis and rheumatism, 44(3), 493-507. 
  166 
Straub, R. H., & Cutolo, M. (2018). Psychoneuroimmunology—developments in stress 
research. Wiener Medizinische Wochenschrift, 168(3), 76-84. 
Strinic, T., Roje, D., Marusic, J., & Capkun, V. (2007). Cord blood cortisol level is lower in 
growth‐restricted newborns. Journal of Obstetrics and Gynaecology Research, 33(2), 
144-150. 
Suglia, S. F., Staudenmayer, J., Cohen, S., Enlow, M. B., Rich-Edwards, J. W., & Wright, R. J. 
(2010). Cumulative stress and cortisol disruption among Black and Hispanic pregnant 
women in an urban cohort. Psychological trauma: theory, research, practice, and 
policy, 2(4), 326. 
Tabachnick, B. G., & Fidell, L. S. (2007). Using multivariate statistics (5th ed.). Upper Saddle 
River, NJ: Pearson Allyn & Bacon. 
Tan, C. E., Li, H. J., Zhang, X. G., Zhang, H., Han, P. Y., An, Q., ... & Wang, M. Q. (2009). The 
impact of the Wenchuan earthquake on birth outcomes. PLoS One, 4(12), e8200. 
Tanner, J. M., & Tanner, J. M. (1990). Foetus into man: Physical growth from conception to 
maturity. Harvard University Press. 
Tarullo, A. R., John, A. M. S., & Meyer, J. S. (2017). Chronic stress in the mother-infant dyad: 
Maternal hair cortisol, infant salivary cortisol and interactional synchrony. Infant 
Behavior and Development, 47, 92-102. 
Thau, L., & Sharma, S. (2020). Physiology, cortisol. StatPearls [Internet]. Available from: 
https://www-ncbi-nlm-nih-gov.libproxy.lib.unc.edu/books/NBK538239/ 
Theoharides, T. C., & Konstantinidou, A. D. (2007). Corticotropin-releasing hormone and the 
blood-brain-barrier. Front Biosci, 12(1), 1615-1628. 
Thomas, A. J., Witherspoon, K. M., & Speight, S. L. (2008). Gendered racism, psychological 
distress, and coping styles of African American women. Cultural Diversity and Ethnic 
Minority Psychology, 14(4), 307. 
Tollenaar, M. S., Beijers, R., Jansen, J., Riksen-Walraven, J. M. A., & De Weerth, C. (2011). 
Maternal prenatal stress and cortisol reactivity to stressors in human infants. Stress, 14(1), 
53-65. 
Tolsa, C. B., Zimine, S., Warfield, S. K., Freschi, M., Rossignol, A. S., Lazeyras, F., ... & Hüppi, 
P. S. (2004). Early alteration of structural and functional brain development in premature 
infants born with intrauterine growth restriction. Pediatric research, 56(1), 132-138. 
  167 
Torche, F. (2011). The effect of maternal stress on birth outcomes: exploiting a natural 
experiment. Demography, 48(4), 1473-1491. 
Uchino, B. N., Bowen, K., Carlisle, M., & Birmingham, W. (2012). Psychological pathways 
linking social support to health outcomes: A visit with the “ghosts” of research past, 
present, and future. Social science & medicine, 74(7), 949-957. 
Uguz, F., Sahingoz, M., Sonmez, E. O., Karsidag, C., Yuksel, G., Annagur, B. B., & Annagur, A. 
(2013). The effects of maternal major depression, generalized anxiety disorder, and panic 
disorder on birth weight and gestational age: a comparative study. Journal of 
psychosomatic research, 75(1), 87-89. 
Ulijaszek, S. J., Johnston, F. E., & Preece, M. A. (1998). The Cambridge Encyclopedia of 
Human Growth and Development. JOURNAL OF APPLIED NUTRITION, 50, 134-134. 
Van den Bergh PhD, B. R. H. (1990). The influence of maternal emotions during pregnancy on 
fetal and neonatal behavior. Journal of Prenatal & Perinatal Psychology & Health, 5(2), 
119. 
van den Heuvel, M. I., van Assen, M. A., Glover, V., Claes, S., & Van den Bergh, B. R. (2018). 
Associations between maternal psychological distress and salivary cortisol during 
pregnancy: a mixed-models approach. Psychoneuroendocrinology, 96, 52-60. 
Van Dyke, M. E., Baumhofer, N. K., Slopen, N., Mujahid, M. S., Clark, C. R., Williams, D. R., 
& Lewis, T. T. (2019). Abstract P359: Pervasive discrimination and allostatic load in 
African-American and White adults. Circulation, 139(Suppl_1), AP359-AP359. 
van Holland, B. J., Frings-Dresen, M. H., & Sluiter, J. K. (2012). Measuring short-term and 
long-term physiological stress effects by cortisol reactivity in saliva and 
hair. International archives of occupational and environmental health, 85(8), 849-852. 
Van Os, J., & Selten, J. P. (1998). Prenatal exposure to maternal stress and subsequent 
schizophrenia. The british journal of psychiatry, 172(4), 324-326. 
Vatten, L. J., & Skjærven, R. (2004). Offspring sex and pregnancy outcome by length of 
gestation. Early human development, 76(1), 47-54. 
Wadhwa, P. D., Culhane, J. F., Rauh, V., Barve, S. S., Hogan, V., Sandman, C. A., ... & Glynn, 
L. (2001). Stress, infection and preterm birth: a biobehavioural perspective. Paediatric 
and perinatal epidemiology, 15, 17-29. 
Wadhwa, P. D., Entringer, S., Buss, C., & Lu, M. C. (2011). The contribution of maternal stress 
to preterm birth: issues and considerations. Clinics in perinatology, 38(3), 351-384. 
  168 
Wadhwa, P. D., Garite, T. J., Porto, M., Glynn, L., Chicz-DeMet, A., Dunkel-Schetter, C., & 
Sandman, C. A. (2004). Placental corticotropin-releasing hormone (CRH), spontaneous 
preterm birth, and fetal growth restriction: a prospective investigation. American journal 
of obstetrics and gynecology, 191(4), 1063-1069. 
Wadhwa, P. D., Sandman, C. A., Porto, M., Dunkel-Schetter, C., & Garite, T. J. (1993). The 
association between prenatal stress and infant birth weight and gestational age at birth: a 
prospective investigation. American journal of obstetrics and gynecology, 169(4), 858-
865. 
Wallace, M. E., & Harville, E. W. (2013). Allostatic load and birth outcomes among white and 
black women in New Orleans. Maternal and child health journal, 17(6), 1025-1029. 
Wang, W., Sung, N., Gilman-Sachs, A., & Kwak-Kim, J. (2020). T helper (Th) cell profiles in 
pregnancy and recurrent pregnancy losses: Th1/Th2/Th9/Th17/Th22/tfh cells. Frontiers 
in Immunology, 11, 2025. 
Wasse, H., Holt, V. L., & Daling, J. R. (1994). Pregnancy risk factors and birth outcomes in 
Washington State: a comparison of Ethiopian-born and US-born women. American 
Journal of Public Health, 84(9), 1505-1507. 
Wei, S. Q., Fraser, W., & Luo, Z. C. (2010). Inflammatory cytokines and spontaneous preterm 
birth in asymptomatic women: a systematic review. Obstetrics & Gynecology, 116(2), 
393-401. 
Westerneng, M., De Cock, P., Spelten, E. R., Honig, A., & Hutton, E. K. (2015). Factorial 
invariance of pregnancy-related anxiety dimensions across nulliparous and parous 
pregnant women. Journal of Health Psychology, 20(2), 164-172. 
Wilder, R. L. (1996). Hormones and autoimmunity: animal models of arthritis. Bailliere's 
clinical rheumatology, 10(2), 259-271. 
Wilder, R. L., & Elenkov, I. J. (1999). Hormonal regulation of tumor necrosis factor‐α, 
interleukin‐12 and interleukin‐10 production by activated macrophages: a 
disease‐modifying mechanism in rheumatoid arthritis and systemic lupus 
erythematosus. Annals of the New York Academy of Sciences, 876(1), 14-31. 
Woods, S. M., Melville, J. L., Guo, Y., Fan, M. Y., & Gavin, A. (2010). Psychosocial stress 
during pregnancy. American Journal of Obstetrics and Gynecology, 202(1), 61-e1. 
Xiong, X. U., Harville, E. W., Buekens, P., Mattison, D. R., Elkind-Hirsch, K., & Pridjian, G. 
(2008). Exposure to Hurricane Katrina, post-traumatic stress disorder and birth 
outcomes. The American Journal of the Medical Sciences, 336(2), 111-115. 
  169 
Yang, E. V., & Glaser, R. (2000). Stress-induced immunomodulation: impact on immune 
defenses against infectious disease. Biomedicine & Pharmacotherapy, 54(5), 245-250. 
Yeates, A. J., McSorley, E. M., Mulhern, M. S., Spence, T., Crowe, W., Grzesik, K., ... & Strain, 
J. J. (2020). Associations between maternal inflammation during pregnancy and infant 
birth outcomes in the Seychelles Child Development Study. Journal of Reproductive 
Immunology, 137, 102623. 
Young, S. S., & Bang, H. (2004). The file-drawer problem, revisited. Science, 306(5699), 1133-
1135. 
Zambrana, R. E., Dunkel-Schetter, C., Collins, N. L., & Scrimshaw, S. C. (1999). Mediators of 
ethnic-associated differences in infant birth weight. Journal of Urban Health, 76(1), 102-
116. 
Zarrow, M. X., Philpott, J. E., & Denenberg, V. H. (1970). Passage of 14 C-4-corticosterone 
from the rat mother to the foetus and neonate. Nature, 226(5250), 1058-1059. 
Zhang, J. M., & An, J. (2007). Cytokines, inflammation and pain. International Anesthesiology 
clinics, 45(2), 27. 
Zhang, W., Wang, L., Zhao, Y., & Kang, J. (2000). Changes in cytokine (IL-8, IL-6 and TNF-
alpha) levels in the amniotic fluid and maternal serum in patients with premature rupture 
of the membranes. Zhonghua yi xue za zhi= Chinese Medical Journal; Free China 
ed, 63(4), 311-315. 
 
